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SEQ ID NO:

MGVRAAPSCA
CQQPTQCRIQ
ACRGNLVYHS
REHGGGDQRP
QUTNVPVVPG
TSGGDGDVKS
DLAMSYEESD
GYTLETASTQ
LHPRKERWHI

SEQ ID NG:

MGLRAAPSEA
BPAQCRIQKCT
GNLVYHSAVL
RRGODONPESY
NVPVVPGSSA
GDSDAKSLRI
MSYEESQDLQ
LETANTQCHE
REKERWHIFPS

SEQ ID RO:

MRRHWKEFEC
NPLKSLCYFR
NVRGEALTTT
QDDWYVEIAL
ELAVEMTKKF
LNFRVSGEQV
RRGLRRGOAT

SEQ ID NO:

MGMGRAGSYY
TTDFVSLTSH
LGITDLMSQR
PRLMYLFCGL
YGESSATATNK
REIWILERSP
TODLOLCMNG
TLESASRRCR
PKEKERWQIFD

Feb. 2, 2016

1 ~ murine

AAPAARGAEQ
KCTTRFVALT
AVLGISDLMS
PNYLFCGLFG
SSATATNKVT
LHIVEKESGR
DLOLEVNGCP
CHEKMPVKDI
FPSSCGGCRD
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Figure 24 A

DRAGON protein

SRRPGLUEPPES
AHLNSARDGE
QRNCSKDGPT
DPHLRTFKDH
IIFKAQHECT
YVEMHARYIG
MSECIDDGOG
YFQSCVFDLL
LBVGLGLTCL

PPPPLLLLLL
DSEFCKALRA
SSTNPEVTHD
FQTCKVEGAW
DREVYQAVTD
TTVFVROLGR
QVSAILGHSL
TTGDANFTAA
ILIMFL

2 ~ human DRAGON protein

ABRARARVEQR
TDFVSLTSHL
GISDLMSQRN
LECGLFGDPH
TATHNKITIIF
VERESGHYVE
LOVNGCPLEE
KMPVKDIYFQ
SCNGTPRGGES

RRPGLCPPPL
NEAVDGFDSE
CSKDGPTBST
LRTFXDNFQT
KAHHECTDQK
MHARYIGITV
RIDDGQRGQVS
SCVFDLLTTG
DLSVSLGLTC

3 - €. elegans DRAGOHN

EKWESCHNDNS
PPPSNRKLKY
VTRVIVLVEK
HFIHSSIHIR
ABCYRRRVEV
TSLONCKARR
TYERCISAPR

HVKRKHVNTG
CSLFGDPHLI
HNCTASLRYE
ROGPYLSVSY
PEKVAEETTF
GLRREQAITIL
DPTDLKIFAL

ELLLLLLFSL
FOCKALRAYAG
NPEVTHDPCHN
CKVEGAWPLI
VYQAVIDDLP
FVRQVGRYLT
RILGHSLPRT
DANFTAARHS
LILIVFL

protein

HICGGKFELS
MENGSVQTCS
ASSDEEGLEPR
RAPTIVLETG
LSEQKVLPIY
ERYFSAPKPK
TDNCEETKKY

4 - Zebrafish DRAGON Protein

PGAERLISPV
LNPSLDGFDT
NCSKDGPTSS
FGDPHLRTFK
ITIIFKPYQE
GRHVEIHAAY
CPTSERIDQE
DOLEVKDIYF
NSASRLSPFS

LHLLVLCTLS
EFCKALRAYS
THPVIPIEPC
DQFQTCKVEG
CTDQKVYQAV
IGVTIIIRQO
GHLQLPVLGL
HSCVFDLLIT
LLLTALLSSF

SLTPIGESQV
ACTQRTAKSC
NYHSRHHHHV
AWPLIDNNYL
TDDLPAAFVD
GRYLTLAVRM
QRAGFQUROQ
GDANFTTARY
LIAVLL

US 9,249,454 B2

LSLGLLHAGD
YAGCTQRTSK
PCNYHSHGGV
PLIDNNYLSY
DLPAAFVDGT
YLTLAIRMPE
PHTTSVQAWP
AHSALEDVEA

GLLHAGCDCRO
CTOQRTSKACR
YHSHAGAREH
DNNYLSVQUT
AAFVDGTTSG
LATRMPEDLA
SLVQAWPGYT
ALEDVEALHP

EXKNLAARKFKY
EEGARPLVDR
GFVDGTTFQM
GDVARELCHS
DRCEDIGNIG
KFHLCTATGG
WNFFRYDILC

QTPQCRIQKC
RGNLVFHSAM
SRFGTGVPEH
SVQVTNVEVV
GTISGBDSET
PEELAMAFDE
PRVEAQRGVF
NALKDMETLH

50

100
180
200
250
30¢C
350
400
436

50
100
150
200
250
300
350
400
437

SGDTVWRGRP
RYFLVQVINR
TSKHSVEVLH
GCRXBSSRIPA
VFFDASARKI
QVTALQSFEA
DTHSQWFLLP
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£EQ ID NO:

acgagacctg
geogeogeey
cegetgttge
cotactcaat
aactctgoecy
tgracceage
ggeatcagtyg
aatcoggaag
9999929999
cttcgaactt
gacaacaatt
actgctacaa
gtgtaccaayg
ggggacggty
atgeatgece
ctegetateg
ctgtgtgtga
goetatcooctgg
ctggagactqg
tocgtgtgtot
goettggagy
agcetgtgggg
atgtittigt

SEQ ID NO:

acgacacctqg
geegeogagy
ctgetgetge
tgtogaatce
gttgacgget
cgaacttcaa
gacctecatga
gtgaccoatg
gaccagaace
ttcaaggata
tatctticag
aataaggtea
gotgtgacay
gatgcoaaga
cgctatatag
cgtatgectyg
aacggctgee
ggacacagoe
gccaacactce

Feb. 2, 2016

5 - murine

catggacggy
gggetgagea
tgetgetget
googaatcca
ctgatgggtt
gaacticaaa
atctcatgag
tgacccatga
accagagace
tcaaggatca
accttteoggt
acaaggtcac
ctgtgacaga
acgtgaagag
gctacatagg
ggatgceocga
atggetgeeco
ggcacagect
coagcacceea
tegaccotget
atgtggaage
gatgtaggga
ag
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Figure 24 B

DRAGON cDNA

catgggoegty
gteoecgeoge
goteageetlh
gaaatgtacc
tgactcetgag
ggectgooga
coagaggaac
cecectgtaac
tceocaattac
cttecagaca
tcaagtgacy
gattatctte
tgacectgeeg
tecttcacate
caccacagtg
agacttggce
catgagtgaa
goctoacace
atgeccacgay
zaccactggt
gotgcaceoa
tttgoctgtt

& ~ human DRAGON <DNA

catggacggy
ttgagcagcg
tgttecagect
agaaatgeac
ttgactctga
aagcctgocy
gccagaggaa
atcctigoaa
gtoceagtta
acttccaaac
ttcaagtgac
ctattatott
atgacctgee
goctgegtat
ggaccacagt
aagacctgge
ccetgagtga
tgeoctegoac
aatgccatga

catgggettyg
CCgeogecoc
cgggetgeto
cacggacttc
gttttgeaag
tggeaacctg
ttgttccaag
ctatcacage
cetttttigt
atgecaaagta
aaacgtacct
caaagoeocsc
ggcogeettt
cgtggaaagg
gtttgtgegg
catgtccotac
acgcatogab
ctecttggtg
gaagatgcecea

agagcagcac
cocgggotet
ggyctgceteo
acagactteg
ttttgeaagg
ggcaacctgg
tgtLecaagg
taccacagec
ctettaotgty
tgcaaagrgy
aacgtgeetyg
aaagcacago
googeetitg
gtggagaagg
tttgtgcgac
atgtcoctatyg
tgeattgaty
accteagtye
aagatgcoyg
gatgccaact
agaaaggaac
ggtettggace

agageagcac
gggetcetgee
cacgeaggty
gtgtccctga
gocttgeogtg
gtataccatt
gatggaccea
cacgotggag
gactLgittg
gaaggggceet
gtggtecctg
catgagtgta
gtggatggea
gagagtggec
caggtgggte
gaggagagec
gacgggeagyg
caggectgge
gtgaaggaca

ctteoctgege
ggccgeogte
acgcaggtga
tggeectgac
cacttegege
tgtaccatic
atggaceccac
acgggggagt
gettgtttgg
aaggggcotg
tggtoeecgg
acgagtgcac
tagatggcac
agaghbggceeyg
agetgggteyg
aggaaagoeca
atggacaagg
aggoctgges
tgaaggacat
ttactgetge
getggcacat
tecacatgett

cttoecagege
ceoeogeeget
actgecaaca
cttctcacct
cetatgetag
ctgeegtgtt
catcetetac
coagggaaca
gagatcctcea
ggecacteat
gatccagtgo
cagatcagas
ccaccagtgyg
actatgtgga
getacctgac
aggaccigca
goeaggtgto
ctggctacac
tetattteeca

US 9,249,454 B2

cgoeegoeee
geccoogecyg
ttgeccaacay
tgcacacetyg
ctatgetgge
tgctghgtta
atctLocace
cagagaacat
agacccteac
gecacteata
gtocagtgea
ggatcagaag
caccagtyggy
ctacgtagagy
ctacctaace
ggacttgecag
ccagagtghct
tggctacaca
gcratttcocaa
ageccacagt
cttococcage
gatccttatt

cgeegetgeo
ggagetgety
geocagceocaa
gaactctgeo
ctgcacecag
gggtatcagt
caacocogas
caggegagdyg
ccbcagaact
agataataat
tactgetaca
agbtctaccaa
tggggacago
gatgcacgee
cottgecate
getgtgogty
tgocatoetg
actggagact
gteetgtgte



U.S. Patent

ttegacctge
gatgtggagy
gggactcece
atcgtgteet
ttttaasgata
atatgacagg
ttcacatatyg
aatgttttat
aaatatttat
agogtttoct
tttoocatty
cbgoctogtt
gttaacteke
Lctaagagct
toctaattgtt
tctegtaggt
taactocctag
tcttctgtgt
tctatatgac
cagetotoco
aactggggtt
tocattctbco
ggaacagagt
cttoggcact
tgaagtcagy
ttgtaacttg
cacccoettyg
ctecaggata
gatagagttt
tatctittace
cttttgecat
ggacgteatt
ggagttgtga
ttgggcagto
gagagttgaa
atcagctetg
ctatcegttaa
aaccactatt
taggatctgg
ataacaacca
tagoctggaag
tgcecottgta
tatttctecta
cktgettgeac
gtggatagge
gtttteacag
ttgttatget

Feb. 2,

tcaccactgg
coctgecacoe
gtggaggeag
tgtaggggtt
tatattgtea
atgtttgtee
ttggatgtag
aatgtcectg
gtgtgtgett
ttgaaggtga
ctactgattt
cctttgaact
ccttacaggt
gttacttett
atatatttga
caaaagggte
actttttcte
taaaacatga
tgatgcaagc
tgtctocaac
tgttaggttc
ttgtecacceca
tgggcggcaa
gcttaatcca
tactctotcet
gagaaattce
caaaaggaaa
ggtaggttte
ctgotttaat
gtagtagttc
gteetattga
ttgtaaagtt
attcatgtag
tgggaaaata
acctaaaccc
aactgtgget
taatttgtte
cttgtgcaaa
gtttagagtg
cecttactga
tgacatttaa
atcggtgtoo
cgtaaggges
atgttggtte
tatagectgtt
atgctecaca
tggaagetec

2016
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Figure 24 C

tgatgocaac
aaggaaggaa
tgatttgtet
ghobtitgtt
taatatattiyg
tgggacaccco
tgttctttga
cccagggace
ggttgataty
ceagtigttt
gecacggtgt
atgecactcac
getttgacte
cagaaggdagg
gccecatacag
tagtgatgygsa
atcccatgee
aactataaat
cecetettott
tececagtaage
ttteotetaat
tgatettcat
tgacagaaga
gatattcttg
ctcaacaccet
tatasagtaa
agaacagcaa
tattgtiata
aatttgttga
aggccaagat
tcagtgacac
taacttctta
aggtggcaaa
aggaaggcat
goottecttit
crttetgtte
tataattgag
tagtatgaaa
tgtatcatta
tagttgggaa
aagcacccetg
ctgtazaaca
aggtttattt
ttgaaacctt
cagaggtotc
tggotgbett
[slefalalalelelelar-}

tttactgeeg
cgetggeaca
gtcagtetag
ttggttettt
agtaaaagag
accagatigt
ttgtatcaat
tgttagaaag
tatagtacat
gtagectattc
gcagetttta
cettotgece
ttaaacgetyg
ggtattattg
tgtattaggt
agttttgtag
ccgttttaaa
ttagtaatta
aaccgtttet
cctectoage
gtagaggeec
cacagtettt
gcottecttgg
ttaactaagc
gtagttgaat
gatctecttg
aagtcaggag
gctagatgta
taagtttaca
tatgettagt
tgeccagaggco
gcgaactgat
cetetaccte
ctocttctta
tatagaagct
acctatgatg
tagtacaagc
gtgaagtaaa
ataaatatac
aagaagattg
catcactagt
atccoccocacag
tetootittt
agctagaaga
ctgggggage
taaaagactc
acagtgtgte

cagecocacag
ttttocceocag
gacteacctyg
atttttigte
tatatatgta
acatactgtg
tttgttttge
cactttattt
atacacagac
ttggotgtac
ctegocacet
tcacttgatt
atcttaagaa
gtattctgat
tgaaccatag
ataagtacca
ttgtecagttt
tcatgeecttyg
tggectttgag
ctoacottac
agatcgocate
gatatgtctyg
cctgactegy
attgtgctte
atgattitggt
cctctteecat
cagtaatetg
aatctttagt
taaacagaaa
tttagttecte
ccataaeggce
gtgeoaceca
gtgttgatga
ctecatggaga
ggactagaga
ceatgtacea
gaggaaaaaa
ageaatagaa
ctttgetott
ggttattttg
aatagtgtat
attactttca
tgagattect
atttcaggte
taazacggyg
aaaacttttt
gagtet

US 9,249,454 B2

tgecttggag
cagtggcaat
cttgatcctt
tataacszaaa
tataccatgt
tetggetgtt
agttetgtga
tttatatatt
atccatatge
cttectgeee
tceggtggag
tgaaagggte
getectettea
tactcteaat
aaactgetat
ggecatctcag
teectetgac
ctotttttas
cocagaaaca
gaatccaaag
acaaagtttt
catgcaaagt
tgtgoggeca
ccaggtggtce
cagtitgetceg
cecattgttgg
agaaagttaa
tccaagaagt
taaaagatac
caggtagtta
aagaggaaga
gtcacagagt
gagaataatc
ttcaactata
cggactgace
aattcagaag
tacggaggat
gaaatttcta
ttcagggaaa
coatatcatt
trtgotatic
gaaatagatyg
agaaaaaatg
ataccaacat
ggaaacactyg
tttgtectet
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Figure 24 D

SEQ ID NO: 7 - Zebrafish DRAGON CcDHA

atgggtatgy
ctcteeggta

ccataggtga
agtaccgact
ctttgatacg
agegtacage
ctgggcatca
cacgboctoo
goocggeatca
cetegtetga
gacttttaaa
teattgataa
tatggatcca
ataccaagaa
ttocagooge
cgcageatet
cgotgegtac
tgacactage
acgcaggaco
tgaccaggag
getttecagea
actcttgaaa
catctattte
acttcaccac
cocaaaaagy
toctitttea
tgettttata

human DL-N

MOPPRERLVV
LEKCNESEFWSA
SAVHGIEDLM
FHKHBATPNY
NTPVLPGSAA
GDKHGANSLK
VNAVEDUWDSQ
APETFPYETA
VEMLHSKKDK

ggagagcagyg
ctacatetac
gagtcaggtt
togttteteot
gagttctgea
caagagcetge
ctgaccttat
acccatoceg
ccaccacgtyg
tgtacctgtt
gaccagttte
caactacctyg
gtgocacage
tgcacagace
cttegtagac
ggatcotgga
atcggggtea
tgtgcgaatyg
tgcagotgtyg
ggacacctoo
goageageag
gtgcctocag
cactecetgtyg
tgeogectas
agegetggea
ttgettetea
a

protein

TGRAGWMGMG
TSGSHAPASD
SOHNCSKDGP
THCGLFGDPH
TATEKLTIIF
ITERVSGQHV
GLYLCLRGCP
VAKCKEKLPY
LHLYERTRDL

atecttactac
tagtgetgty
cagacteoote
gacgtoccat
aggcgctgeg
&gggggaaca
gagccagadyg
teateoctat
tegeggtiog
ctgtggeeoty
aaacgtgtaa
tcagtgcagg
taccaataag
agaaggteta
ggoaccatcea
gaaatctcee
ccatcatcat
cctgaggaac
catgaacggce
agetgeeogt
coeagggtay
gaggtgragy
tgtttgacct
aatgcectga
gatttboooe
ctgeactgcet

RGAGRSALGF
DTPEFCAALR
TSQPRLRTLP
LRTFTDRFQT
KNFQECVDQK
EIQAKYICTT
LNQUIDFQAF
EDLYYQACVE
PGRAAAGLPL

ceoggggetyg
cagectetee

agtgecgcat
ctgaacccat
agcectaticyg
tggtctitcea
aactgeteca
cgageettge
ggacgggggt
ttocggggace
agttgaaggg
tecactaatgt
atcacaataa
ceaggoegty
goggaggtga
ggtoggeatryg
acgccageag
tggeccatgge
tgececcacat
gettggecte
aagcocagag
gaccaactgg
gctcactaca
aggacatgga
aacteggett
gagcagctte

WPTLAFLLCS
SYALCTRRTA
PAGUSQERSD
CRVQGAWPLI
VYQAEMDELP
IVVRQVGRYL
HTNAEGTGAR
DLLTTGDVNF
APRPLLGALV

agegecteat
teocatoacte
ccagaagtgce
cactggatgg
geectgtacge
ctecgeeaty
aagacgggcec
aactatcaca
geoecgaacac
ctocatcttag
gettggecte
tecagtggtt
tcttcaaace
acagacgacce
cagtgagacc
tagaaatoeooa
ggcegttace
ctttgatgaa
cagagegeat
cagcaggcetyg
aggcgtette
aggtgaagga
ggagatgcca
gacactgcat

ccaggctgag
cttategetg

FPAATSPCKI
RTCRGDLAYH
SPEICHYEKS
DRNYLNVQVT
AAFVDGSKNG
TFAVREMPEEV
RLAAASPAPT
TLAAYYALED
PLLALLPVFC

US 9,249,454 B2

50

100
180
200
250
300
350
400
500
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human DL-M

MGEPGQSPSP
LESLRGGGSSG
LAFHSAVHGI
EGRFSRLHGR
VRATSSPMAL
SINGGDRPGC
AEDVAMAFSA
LPVEDAYFHS
AGVPLESSATL

Feb. 2, 2016

protein

RESHGSPPTL
ALRGGGGGGR
EDLMIQHNCS
PPGFLHECASF
GANATATREL
SELSIQTAND
EQDLQLOVGE
CVFDVLISGD
LAPLLSGLFV
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Figure24 E

STLTLLLLLC
GGGVGSGGL
RQGPTAPPPP
GDFHVRSFHE
TIIFENMOEC
GNHVEIQAAY
CPPSQRLSRS
PNFTVAAQAR
LWLCIQ

GLAHSQCKIL
RALRSYALCT
RGPALPGAGS
HFHTCRVOGA
IDQKVYQAEV
IGTTIIIRQT
ERNRRGAITI
LEDARAFLPD

RCNAEYVSEST
RRTARTCRGD
GLPAPDRCDY
WPLLDRDFLE
DNLPVAFEDG
AGQLEFSIKY
DTARRLCKEG
LEKLHLFPSD

50

100
150
200
2590
300
350
400
426

US 9,249,454 B2

Human DL-M <DNA

Attgoagocagtocgggggatoggggacagacatggagaaggagatggaggacococtggotggageaga
ccaacagaataggoaactatggctggagaaccgggtatcagagtaatgettgaccticgggaasacaccasa
ttocttettocrgatogcagaagtagtactoggegaaattcactaggtaggaggetoctcatetgggaagsa
accggtgcetyggggggacotggetggataggtatgggagatcgaggeeggbeecctaghoteocggtocee
cecatggeagtoctecaactectaagoaceectecactetoctgetgotcectetgtggacaggetecactcoeag
tgcaagatoctocgectgoaatgoocgagtacgtctegttcactotgagoct teggggagggggctcacegy
acacgecacgtggaggeggccgtggtgagecggecteaggtggettgtgtegegeectgegetoctacge
tetotgeacgeggcgracegecegracotgacgeggggacetogetbtoccactecgeggtgratggeata
gaggacctgatgatecageacaactgeteacgecagggteccacggoctogoecocggecoggggtecty
ccctygcocggggeoggeeccagegecectgaccecagatcoctgtgactatgaagooecggttttocagget
goacggtogaacceogggttbtottgeaktgtgettectitggagaccoucatghigeycagettocacaat
cactttcacacatgeogegtecaaggagettggecectactagataacgacttootetttgicoaageca
ceagetecoecggtagratcgggagecaacgetacraccatooggaagatcactatcatatcitaaaaacat
geagogaatgeattgaccagaaagtotaccaggetgaggtagacaatcttoctgeageotttgaagattggt
tctgteaatgggggcgaccegacectgggyggcteogagtttgteccattcaaactgetaacotigggageracy
tggagattcgagetgectacattggaacaactataatogttogticagacagetggacagetetocticte
catoagggtageggaggatgtygygcacgggeottotelgetgageaggat ctacagoetgtghgttggggga
tgcoctoogagoeagegactetctogetecagagogeaatogoogtggggogatagecatagatactgeea
gaaggttgtgtaaggaagagetteecggttgaagatgeectacttecaatectgegtettigatgttteagt
cteooggtgaceccaactttactgtggcagetcagtcagetictggacgatgccogaghettettgaccgat
ttggagaactigcacottiteccagtagatgoggggectecocictetocagecacoctgectagtoogge
tbotttecggtoctebtigttobgtggtttigoaticagtaagtaggeccageaacoogtgactagtitqya
aacggtttgaggagagaggttgatgtgagaaaacacaaagatgtgccaaaggaaacagtggggacaggag
acaacgaccttactcaateacacgagattgeagtecagggetgaaatgacectagaataaagattetgag
acagggttttgeactocagacettggtatgggeotocezatgtatttoccccattagtgattteccactigt
agtgaaattctactctetgtacacctgatatcactoctgeaaggotagagat tgtgagagogetaaggyge
cagcaaaacattaaagggctgagatatettazaggeoagasactagaaaaggggasaaccaigattatetat
aagaaaatcaaaagaggagtttgggaatttagcotcagtggtagagcactbgectagcaagegeaaggece
tgggttegghecocccagoetoctaaaaaagaaaaaaaaaatcasaagagaaaaaactaattaaggraagett
totggttcagaaatgaagtgagoatigtotgycagaggaagtcagettitggagactggeaccaacatet
ccacoctiootactetgttattaaagtgacgaattcoocatecty
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Figure 24 F

Human DL-N cDNA

agttgteteccgagegetggetgegecgecegageegetgggecggggaageactggeogttogotoecy
ggecggceccgccaggosgetogoaggeatgcagecogggageaggaggcgetoeccaegggeogetgetgayg
coggeoggggcggcggggaccagegoecageggagecccteacaccttgocecggggeagacgagoegygege
ccegacaccocctettoctoococgoageccegoCcagegeoaceeecogogggocgeaggggetcatgeagee
gocaagggagagyetagtggtaacaggecgagetggatggatgggtatggggagaggggcaggacgttea
geoeetgggattetggoegaccetegecttecttoctetgocagettooeegoagocacoteecogtgeaaga
tectoaagtgoaactobgagttotggagogecacgtogggragecacgeoccagoctcagacgacasece
cgagttetgtgeageottgogeagetacgecctgtgeacgoggeggacggeoogeacctgonggggtgac
ctggcectaccactcggoegteccatggeatagaggacetoatgagooageacaactgotecaaggatgyes
ccacctegragocacgeetgogeacgetoccaccyggocggagacagecaggagegotoggacageaccga
gatctgccattacgagaagagetitocacaagecacteggocaceccccaactacacgeactgtggectette
ggggacocacaccteaggactttcaccgaccgettccagacetgeaaggtgeagggegeectggoogetea
togacaataattaccigaacgtgoaggocaccaacacgectgtgetgoecggetcageggeractgecac
cagcaagcteaccatcatctteaagaacttccaggagtytghyggaccagaaggtgtaccaggetgagatg
gacgagetoeeggecgeattegtggatggetetaagaacggtggggacaagracggggceaacagoctyga
agatcactgagaaggbgtcaggccageacgtggagatecaggecaagbacatoggecaccaceategtggt
gogocaggtgggecegetacetgacctttgecgtecgeatgoragaggaagtggtcaatgetgtggaggac
tgggacagccagggbototacctetgectgoggggetgoccectcaaccageagategacticcaggect
tceacaceaatgetgagggeaceggtgoccgcaggetggeagecgecageoctgeacccacagoooecga
gaccttoccatacgagacageegtggecaagtgeaaggagaagctgeoggtggaggacetgiactaccay
geectgegtcttcgacctectcacoacgggogacghigaacticacactggecgoctactacgogtiggagg
atgtcaagatgctocactocaacaaagacaaactgoacctgtatgagaggactcgggacctgocaggeag
ggcggetgoggggotgoecectggonccoecggoacctactgggegoactegtecaocgotectggooetgete
cctgtgtictyctagacgegtagatgtggagggaggegegggetcogtectcteggettovceatgtgyg
ggctgggaccgeocacggggtgeagatetoctggegtgteraccatggoocogeagaacgecagggacey
cctbgetgogaagggoctoaggeatggaccectecectictagtacacgtgacaaggttgtggigactggeg
cegtgatgtttgacagtagagetgighigagagggagageagoteeceogtogecoegescsotgeagtgtgas
tatgtgaszacatocectcaggetgaagoooccoacecoccacragagacacactgggaacegtcagagtea
gotoctieceecctogoaatgcactgaaaggeccggecgactgetgctegetgatecgtggggacecogt
googogocacacgeacgcacacactottacacgagageacactcgatcocaectaggecageggggacacee
cagocacacagggaggeateotiggggotigyccocaggeagggeaaccoeggggogetgettggeacet
tagcagactgetggaaccttttggecagtaggtogtgoocgoctggtgocttotggectgtggecteoet
goccatgticacetggotgetgtgggtaccagtgeaggteceggttticaggeacetgetcagetgeocy
tetotggootgggccoctgoocettcsacoctygtgettagaaagtegaagtgeotiggttctaaatgbcta
ascagagaagagabocttgacttctgttoctetecetectgeagatgocaagagetectgggeaggggtyc
ctgggeeccagggtgtggcaggagacecagtggatggggecagetggeckgoostgatectotgottceet
cotoacaacrocaagagecscoagoocggtccatocacgtotggagtotggggagaggagoagggtctea
ggactctcagectctgagoatoectggoagggtocticaacctoctaatotettooettaagoooctgiggeca
cacagocaggagagactitgecgetggotacogeectcatttecageccagggtgotcatocaggggeccaga
acagteocogacectgtgotgctatgcccacagocacasagecaggettecactoocaaaagtgcagecaggece
tggagggtgatoctgoeageageectacagetccacacectacccacocateggeagectetetgetgt
cocccagggacctetcatacactggocaggaggetgecagaacgtgtgteteccectecctecaagagyteg
tgeteectotgocagaacogtgtgtgggeggutuggaggyegetoggggeceggececkecctatooctyg
ctggtittagttggtecctatgttggaagtaaaaagtgaagcactitattttggttgbtgtttgeotecacgt
tetgettoggaagtggggaceecteactgogtecacgtgtetgegacetgtgtggagtgtcacegegtata
catactgtaaattatttattaatggctaaatygcaagtaaagtitggttttttigtitabtototttt
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Figure 24 G

Kuman RGMa protein
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Figure 24 H

Buman RGMa mRNA saguencse
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Figures 27A(a-f), 27B(a-d), and 27C{a-c)



U.S. Patent Feb. 2, 2016 Sheet 39 of 56 US 9,249,454 B2

,.
7%

¥
%
3

Merged

, ﬁ% oot

FRC L AT Y
BT 3’?: T ¢
S e
o e § o
NW R S

FSH
Figures 28A(a-f) and 28B

Dragon

d
B




U.S. Patent Feb. 2, 2016 Sheet 40 of 56 US 9,249,454 B2

A

S4 Hela KGN MCF-7 = LBTZ JECI = Ishikawa =

Dragon

B-actin

Figures 29A - 29C



U.S. Patent

Figures 30A-30D

Feb. 2, 2016

12 &

Sheet 41 of 56

& &
0] & xR x
LN Dron o0 e
- 81 B pactn
[
3, AT
m 5
& 4
m e
248 7 - ik awd
: e S
) S -
0.0 0.8 f 10 e 1000
Diragon cDNA (ng)
6
5
2
~l 3
22
o
b
ot
Pragog eBNA N
ez (eammtt | o 1 NG SRS
Nogga i ogms = 4 - K SN
cnl 13
=
=
o0 ,-
BME e S
Noppi -
Caatinl medsm « .
20
18} o - Pragon cDBNA 3
¥ 161 —=+ Dragon cDNA B
&3 P e
% ‘.s‘;
&=
von
=
3 6
&
4
2
[y

T T U N 15" B '
BMP2 (pM)

US 9,249,454 B2




U.S. Patent Feb. 2, 2016 Sheet 42 of 56 US 9,249,454 B2

A B .
= 15 = 3 200
hi 3
% lg« § 15&’"
1004
7 s % 50
2 0 ' g
& C BMP2 RGMa O O TETTGRpI ROMa
C . 16~
- 0 - BMP-2
- 12+ m+BMP-2
Fe i
%
=
i
: r
[+
ea]
20ng  200ng
RGMa cDNA

Figures 31A4-31C



U.S. Patent Feb. 2, 2016 Sheet 43 of 56 US 9,249,454 B2

9 3.
=0
**3@ 5
A
)

Figures 32A-32C



U.S. Patent Feb. 2, 2016 Sheet 44 of 56 US 9,249,454 B2

kDa o-Fe R{?ﬁ{a
97 ;

ock ’

RGMa.Fc

Figure 33



U.S. Patent Feb. 2, 2016 Sheet 45 of 56 US 9,249,454 B2

A 125 BMP-2

RGMa.Fc (25ng)

RGMaFc +
B5L.BMP-4

Figures 34A-34B



U.S. Patent

Feb.

2,2016 Sheet 46 of 56

>

ALK3 DN

ALK®6 DN|

(=Y
!

H

BRE-Luc
RL.U
o

k4

374 56 78

H

| RGMaFc | -

BMP-2

1
-

\”3«-{}«-;

ALK6.Fc

RGMaFc

ALKS Fc

py
b
)
g

o
ors 2000 ~

. 4000
p=

o

Figures 35A-35C

I N
T T EE

US 9,249,454 B2



U.S. Patent Feb. 2, 2016 Sheet 47 of 56 US 9,249,454 B2

aml
i
e
unl
i
j
i
F

BRE-Loc RL.U
£
1

T R S T
C RGMa BMP-2

e

a-RGMa 3
o-p-Smad[/5/8
g-Smadi

C _C_ RGMa BMP:2

p-Smad/Smad]
Relative Intensity

D G BGMa BMP2

Id1/p-Actin
Relative Intensity

Figures 36A-36D



US 9,249,454 B2

Sheet 48 of 56

Feb. 2, 2016

U.S. Patent

Figure 37



U.S. Patent Feb. 2, 2016 Sheet 49 of 56 US 9,249,454 B2

O-RGMa o-NeuN Merge

-p-Smad1/5/8 - NeuN Merge

Floures 38 A-F



U.S. Patent Feb. 2, 2016 Sheet 50 of 56 US 9,249,454 B2

DRG culiure

| i
~eont BMP2

Figure 39A



U.S. Patent Feb. 2, 2016 Sheet 51 of 56 US 9,249,454 B2

Figure 39B
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Figures 40A-40B
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BMP signaling in spinal cord dorsal horn neurons (ex vivo)
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Figures 41B-41C
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1
SCREENING METHODS OF BMP/GDF
SIGNALING MODULATORS USING
DRG11-RESPONSIVE (DRAGON) PROTEINS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/655,941, filed Oct. 19, 2012, which is a
continuation of U.S. patent application Ser. No. 13/171,429,
filed Jun. 28, 2011, issued as U.S. Pat. No. 8,309,524, on Nov.
13, 2012, which is a continuation of U.S. patent application
Ser. No. 12/489,212, filed Jun. 22, 2009, issued as U.S. Pat.
No. 7,968,520, on Jun. 28, 2011, which is a continuation of
U.S. patent application Ser. No. 11/195,205, filed on Aug. 2,
2005, which claims priority under 35 U.S.C. §119 to of U.S.
Provisional Application Ser. No. 60/598,380, filed Aug. 2,
2004, the disclosure of which is incorporated herein by ref-
erence in its entirety.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

The present research was supported by grants from the
National Institutes of Health (Nos. HD039777, DKO055838,
HDO038533, NS038253, GMO075267, DKO071837, and
DK069533). The U.S. Government may therefore have cer-
tain rights to this invention.

FIELD OF THE INVENTION

This invention relates to the treatment and diagnosis of
diseases that are modulated by a TGF-$-dependent signaling
pathway.

BACKGROUND OF THE INVENTION

Developmentally regulated transcription factors drive
developmental gene programs that result in embryo forma-
tion and the birth, proliferation, growth, migration, and dif-
ferentiation of the cells that eventually make up the different
tissues of the body. This involves the expression and repres-
sion of many genes including those whose protein products
act as regulators of this process as signal molecules. Some of
these signal molecules may be re-expressed in the adult after
injury, or the failure of such re-expression may relate to the
failure of replacement cells to survive, grow, or regenerate
after injury. Some of the signal molecules may act in patho-
logical situations to either promote or suppress abnormal
growth or function. These signal molecules, acting on specific
transmembrane receptors, may serve as cell fate determi-
nants, survival factors, growth factors, guidance cues, or dif-
ferentiation factors, and many may have potential therapeutic
roles as biological agents beyond their specific involvement
in development. Such factors can have biological activity
both in vivo and for maintaining cultured cells in vitro, or for
converting pluripotent stem cells into specific neuronal or
non-neuronal subtypes. Similarly, mimicking the action of
these signal molecules by activating their membrane bound
receptors or the intracellular signal transduction pathways
coupled to their receptors, may also have therapeutic poten-
tial.

The transforming growth factor beta (TGF-f3) superfamily
ligands are central to many signal transduction pathways that
control the growth and differentiation of mammalian cells.
These ligands and pathways have been implicated in the
control of a variety of cellular processes ranging from early

20

30

35

40

45

2

vertebrate development to carcinogenesis where specific
TGF-f ligands are involved in cell specification, differentia-
tion, proliferation, patterning, and migration.

The TGF-p signaling pathways may be subdivided along
two major branches—the TGF-f/Activin/Nodal pathways
and the BMP/GDF pathways. The TGF-f/activin/nodal sub-
family of ligands contribute to the specification of endoderm
and mesoderm in pregastrula embryos and at gastrula stages,
to dorsal mesoderm formation and anterior-posterior pattern-
ing. Later, they influence the body axis and dorsal-ventral
patterning of the nervous system. Bone morphogenetic pro-
teins (BMPs), the second major subfamily of TGF-f ligands
contribute to the ventralization of germ layers in the early
embryo, suppressing the default neural cell fate of the ecto-
derm. Neural induction follows formation of the organizer in
the dorsal mesoderm which generates inhibitory signals that
interrupt BMP signaling in the ectoderm leading to a separa-
tion of neural from epidermal territories. BMPs also partici-
pate later in development in the formation and patterning of
the neural crest, heart, blood, kidney, limb, muscle, and skel-
etal system.

SUMMARY OF THE INVENTION

We have discovered that DRAGON (DRG11-Responsive
Axonal Guidance and Outgrowth of Neurite) proteins,
including RGMa and RGMb, the prototypical members of a
novel gene family (WO 03/089608), function as co-receptors
forboth BMP ligands and BMP ligand receptors and facilitate
enhanced BMP signaling. Homologous DRAGON proteins
have been identified in each of the mouse, zebrafish, and
human (WO 03/089608). A partial sequence of an ortholog
has also been identified in C. elegans.

Accordingly, the invention features a method for identify-
ing a compound that modulates a TGF-f signaling pathway,
preferably a BMP/GDF pathway, by (a) providing a sample
containing DRAGON protein and a TGF-f} signaling path-
way member, (b) contacting the sample with a candidate
compound, and (c) assessing the binding of the DRAGON
protein to the TGF-p signaling pathway member in the
sample in the presence of the candidate compound relative to
binding in the absence of the candidate compound, wherein a
compound that modulates binding of the DRAGON protein to
the TGF-p signaling pathway member is identified as a com-
pound that modulates a TGF-f signaling pathway. Preferably,
the TGF-f signaling pathway member is a BMP (e.g., BMP-2
and BMP-4), GDFS, a type I BMP receptor (e.g., ALK2,
ALK3, and ALKS®6), or a type Il BMP receptor (e.g., BMPRII,
ActRITA, and ActRIIB). More preferably, the TGF- signal-
ing pathway member is labeled with a radioisotope (e.g.,
[**°1]-BMP-2 and ['*°I]-BMP-4) in order to facilitate the
assessing step (c). In another embodiment, the assessing step
(c) uses an antibody specific for DRAGON (i.e., an anti-
DRAGON antibody) or an antibody specific for the TGF-
signaling pathway member.

The invention also features a second method for identify-
ing a compound that modulates a TGF-f signaling pathway,
preferably a BMP/GDF pathway, by (a) providing a cell that
expresses, naturally or recombinantly, a type I BMP receptor,
a type 11 BMP receptor, and an intracellular TGF-f} signaling
pathway member, (b) contacting the cell with DRAGON and
a candidate compound, and (c) assessing the level of activa-
tion of the TGF-f} signaling pathway by assessing the activa-
tion of the intracellular TGF-f signaling pathway member
relative to the level of activation in the absence of the candi-
date compound, wherein a compound that modulates the
activation of the intracellular TGF-f} signaling pathway mem-
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ber is identified as a compound that modulates a TGF-f
signaling pathway. Preferably, the type I BMP receptor is
ALK2, ALK3, or ALK6, and the type II BMP receptor is
BMPRII, ActRIIA, or ActRIIB. Preferably, the intracellular
TGF-f signaling pathway member is an R-Smad (e.g.,
Smadl, Smad5, and Smad8). Preferably, step (c) assesses the
phosphorylation state of the intracellular TGF-f signaling
pathway member or the binding of the intracellular TGF-f3
signaling pathway member to another intracellular protein
such as a Co-Smad (e.g., Smad4 and Smad4[}) as an indicator
of TGF-f signaling pathway activation. In another embodi-
ment, the cell is further contacted, in step (b), with a TGF-p3
ligand such as, for example, BMP-2, BMP-4, BMP-7, or
GDF-5. Contacting the cell with DRAGON in step (b) may be
performed either through the addition of exogenous
DRAGON or by transfecting the cell with a nucleic acid
capable of expressing DRAGON.

The invention yet further features a third method for iden-
tifying a compound that modulates a TGF-f3 signaling path-
way, preferably a BMP/GDF pathway, by (a) providing a cell
that expresses a reporter gene construct operably linked to a
TGF-f ligand-dependent promoter, (b) contacting the cell
with DRAGON protein and a candidate compound, and (c)
assessing the level of expression of the reporter gene relative
to the level of expression of the reporter gene in the absence
of the candidate compound, wherein a candidate compound
that modulates the level of expression of the reporter gene is
identified as a compound that modulates a TGF-f signaling
pathway. In preferred embodiments, the reporter construct is
BMP-dependent. In other preferred embodiments, the
reporter construct is the BRE-Luc reporter. In other embodi-
ments, the cell is further contacted, in step (b), with a TGF-p
ligand such as, for example, BMP-2, BMP-4, BMP-7, or
GDF-5. In other embodiments, the cell further expresses
recombinant DRAGON. Optionally, the cell also expresses,
naturally or recombinantly, one or more BMP type I receptors
(e.g., ALK2, ALK3, and ALK6) and/or one or more the type
11 BMP receptor (e.g., BMPRII; ActRIIA, and ActRIIB).

In another aspect, the invention features a method for iden-
tifying a compound that modulates cellular adhesion by (a)
providing a sample containing a DRAGON protein and an
adhesion-modulating protein, (b) contacting the sample with
a candidate compound, and (c) assessing the binding of the
DRAGON protein to the adhesion-modulating protein in the
sample in the presence of the candidate compound relative to
binding in the absence of the candidate compound, wherein a
compound that modulates binding of the DRAGON proteinto
the an adhesion-modulating protein is identified as a com-
pound that modulates cellular adhesion. In preferred embodi-
ments, the adhesion-modulating protein is a cadherin (e.g.,
E-cadherin), a second DRAGON protein (a homophilic inter-
action), or a DRAGON-like protein (e.g., DL-N or DL-M). In
other embodiments, the DRAGON protein and the adhesion-
modulating protein are bound to microspheres or are present
on the plasma membrane of a cell.

Compounds identified by any of the screening methods
described herein find use in diagnosis and therapy of any
DRAGON-related condition described herein, or as lead
compounds for optimizing therapeutics for those conditions.
Compounds identified by the present screens also find repro-
ductive-related uses, such as treating infertility by increasing
DRAGON activity or providing contraceptives by decreasing
DRAGON activity.

In another aspect, the invention features a method for diag-
nosing cancer in a patient by assessing the amount of
DRAGON is abiological sample. Suitable biological samples
include, for example, blood samples, tissue biopsies, pleural
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fluid, and cerebrospinal fluid. This method is particularly
useful for diagnosing colon cancer, breast cancer, testicular
cancer, ovarian cancer, and neuronal and non-neuronal can-
cers of the nervous system (e.g., glioma, schwanoma, and
neuroblastoma). The amount of DRAGON in a biological
sample may be assessed by any technique known in the art
including, for example, DRAGON-specific antibody-based
assays (e.g., ELISA, Western blotting, and immunohis-
tochemistry) and DRAGON-specific primer/probe-based
molecular biological techniques using DRAGON-specific
polynucleotides (e.g., in situ hybridization or PCR followed
by Northern blotting). In preferred embodiments, a
DRAGON protein or DRAGON RNA is visualized for its
intracellular localization.

In another aspect, the invention features a method for
assessing the likelihood of a patient to develop cancer by
identifying a DRAGON mutation that correlates with a pro-
pensity to develop cancer. Such mutations may cause a
change (i.e., increase or decrease) in DRAGON biological
activity. Mutations in the GPI anchoring domain that are
sufficient to disrupt the membrane anchoring of DRAGON
are examples of mutations that reduce DRAGON biological
activity and increase the likelihood of cancer. Other muta-
tions may be located in the BMP ligand binding domain, the
BMP receptor binding domain, or the cadherin binding
domain. Such mutations may be polymorphic changes.

In yet another aspect, chimeric proteins consisting of a
DRAGON protein or fragment or DRAGON-specific ligands,
or an anti-DRAGON antibody, may be covalently linked to a
cytotoxic moiety may be used to treat cancer. Useful cyto-
toxic moieties include, for example, saporin, Pseudomonas
exotoxin, I1L.-12, TNF-a, and radioisotopes. Another useful
moiety is boron which may be used to kill target cells using
neutron capture therapy. The chimeric protein may be admin-
istered to the cancer cell from an exogenous source, or the
chimeric protein may be expressed by the cancer cell follow-
ing, for example, administration of a therapeutically effective
amount of a nucleic acid encoding the chimeric protein, oper-
ably linked to a promoter that, when expressed in the cancer
cells, is capable of expressing the chimeric protein.

The invention also features a method for treating a
DRAGON-related condition in a patient by increasing the
DRAGON activity in the patient. DRAGON activity may be
increased by administering a compound capable of increasing
DRAGON binding to a TGF-f signaling pathway member
suchas a TGF-p ligand (e.g., BMP-2, BMP-4, and GDF-5), or
a compound capable of increasing DRAGON binding to a), a
BMP type I receptor (e.g., ALK2, ALK4 and ALK6), or a
BMP type Il receptor (e.g., BMPRII, ActRIIA, and ActRIIB).
Preferably, the compound has been previously identified by
one of the foregoing screening methods. In preferred embodi-
ments, the increased DRAGON activity causes increased sig-
naling in the BMP/GDF pathway. In other embodiments, the
method further comprises administering a biologically active
BMP-2, BMP-4, or GDF-5 polypeptide. In another embodi-
ment, the patient is administered a therapeutically effective
amount of a nucleic acid encoding a DRAGON protein, oper-
ably linked to a promoter that, when expressed in the target
cells, is capable of expressing the DRAGON protein.
DRAGON-related conditions amenable to treatment using
these methods include, for example, cancers characterized as
having a defect in the BMP/GDF signaling pathway. Disor-
ders of bone, cartilage, and joints may also be treated by
increasing DRAGON activity. Such disorder include, for
example, bone fractures, damage to the articular cartilage,
arthritis, chondroplasia, and synostosis. Pulmonary hyperten-
sions, particularly famililar primary pulmonary hyperten-
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sion, kidney disorders (e.g., ischemic kidney disorders and
renal fibrosis), male infertility, female infertility, and disor-
ders of the thymus also can be treated by these methods.

The invention also features a method for treating a
DRAGON-related condition in a patient by decreasing the
DRAGON activity in the patient. DRAGON activity may be
reduced by administering a soluble DRAGON protein (i.e., a
DRAGON protein having a deletion or disruption of the GPI
membrane anchoring domain) in order to sequester BMP
ligands or bind (occupy) a membrane-bound DRAGON, an
anti-DRAGON antibody or antibody fragment, a compound
capable of inhibiting DRAGON binding to a TGF- ligand
(e.g., BMP-2, BMP-4, and GDF-5), a BMP type I receptor
(e.g., ALK2, AL K4 and ALKS6), or a BMP type 1I receptor
(e.g., BMPRII, ActRIIA, and ActRIIB). Preferably, the com-
pound has been previously identified by one of the foregoing
screening methods. In another embodiment, the patient is
administered a therapeutically effective amount of a
DRAGON-specific RNAi sufficient to inhibit DRAGON
expression. DRAGON activity may also be reduced by
administering to the patient a nucleic acid encoding an anti-
sense DRAGON nucleic acid or a soluble DRAGON protein.
Certain types of cancers, such as breast cancer, colon cancer,
non-small cell lung carcinoma, and neuronal and non-neu-
ronal cancers of the nervous system (e.g., glioma, schwa-
noma, and neuroblastoma) are amenable to treatment by these
methods. These methods may also be used to inhibit tumor
metastasis in a patient diagnosed as having cancer. In other
embodiments, the patient is further administered an inhibitor
of a TGF-p ligand, a BMP type I receptor, or BMP type 11
receptor. Inhibitors of TGF-f ligands include ligand-specific
antibodies and soluble BMP receptors and fragments. Inhibi-
tors of the various BMP receptors also include receptor-spe-
cific antibodies, mutated TGF-f3 ligands that retain affinity
and lack efficacy, and compounds that inhibit the kinase func-
tion of the receptor.

In another aspect, the invention features a method for
inhibiting signaling by a BMP by administering a soluble
DRAGON protein or a DRAGON-Fc¢ fusion protein. In pre-
ferred embodiments, the BMP is BMP-2 or BMP-4.

By “DRAGON” is meant any naturally occurring
DRAGON homolog and biologically active fragments
thereof. The DRAGON protein has been identified in several
species including the mouse, human, C. elegans, and
zebrafish (SEQ ID NOs: 1-4, respectively). One particular
example of a DRAGON homolog is RGMa (see FIG. 24A-
H).

By “DRAGON nucleic acid” is meant a polynucleotide
having a sequence which encodes a DRAGON protein, for
example RGMa or RGMb. Preferably, a DRAGON nucleic
acid is substantially identical or hybridizes under high strin-
gency conditions to a DRAGON cDNA from, for example,
the mouse, human, or zebrafish (SEQ ID NOs: 5-7, respec-
tively).

By “mutation,” when referring to a DRAGON nucleic acid
is meant any alteration in the protein coding region which
results in a change in the amino acid sequence encoded.
Mutations include single point mutations and polymorphisms
as well as deletions of one or more nucleic acids. Mutations
may also occur in the untranslated region of a DRAGON
nucleic acid such that the mutation affects biological activity.
For example, a mutation in the promoter region of the
DRAGON gene may have the effect of reducing DRAGON
expression.

By “TGF-p signaling pathway member” is meant any pro-
tein involved in any TGF-§ signal transduction pathway.
These pathways include, for example, the BMP/GDF path-
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way and the TGF-f/Activin/Nodal pathways. The pathway
members include the extracellular ligands (e.g., the BMPs),
the transmembrane receptors (e.g., the BMP receptors and the
TGF-f receptors), the intracellular substrates of the trans-
membrane receptors (e.g., the R-Smads), and the intracellular
accessory proteins (e.g., the Co-Smads and SARA).

By “high stringency conditions” is meant any set of con-
ditions that are characterized by high temperature and low
ionic strength and allow hybridization comparable with those
resulting from the use of a DNA probe of at least 40 nucle-
otides in length, in a buffer containing 0.5 M NaHPO,, pH
7.2,7% SDS, 1 mM EDTA, and 1% BSA (Fraction V), at a
temperature of 65° C., or a buffer containing 48% formamide,
4.8xSSC, 0.2 M Tris-Cl, pH 7.6, 1xDenhardt’s solution, 10%
dextran sulfate, and 0.1% SDS, at a temperature of 42° C.
Other conditions for high stringency hybridization, such as
for PCR, Northern, Southern, or in situ hybridization, DNA
sequencing, etc., are well-known by those skilled in the art of
molecular biology. See, e.g., Ausubel et al., Current Proto-
cols in Molecular Biology, John Wiley & Sons, New York,
N.Y., 2000, hereby incorporated by reference.

By “DRAGON antisense nucleic acid” is meant a nucleic
acid complementary to a DRAGON coding, regulatory, or
promoter sequence. Preferably, the antisense nucleic acid
decreases DRAGON expression (e.g., transcription and/or
translation) by at least 5%, 10%, 25%, 50%, 75%, 90%, 95%,
oreven 99%. Preferably, the DRAGON antisense nucleic acid
comprises from about 8 to 30 nucleotides. A DRAGON anti-
sense nucleic acid may also contain at least 40, 60, 85, 120, or
more consecutive nucleotides that are complementary to a
DRAGON mRNA or DNA, and may be as long as a full-
length DRAGON gene or mRNA. The antisense nucleic acid
may contain a modified backbone, for example, phospho-
rothioate, phosphorodithioate, or other modified backbones
known in the art, or may contain non-natural internucleoside
linkages.

A DRAGON antisense nucleic acid may also be encoded
by a vector where the vector is capable of directing expression
of'the antisense nucleic acid. This vector may be inserted into
a cell using methods known to those skilled in the art. For
example, a full length DRAGON nucleic acid sequence, or
portions thereof, can be cloned into a retroviral vector and
driven from its endogenous promoter or from the retroviral
long terminal repeat or from a promoter specific for the target
cell type of interest. Other viral vectors which can be used
include adenovirus, adeno-associated virus, vaccinia virus,
bovine papilloma virus, or a herpes virus, such as Epstein-
Ban Virus.

By “vector” is meant a DNA molecule, usually derived
from a plasmid or bacteriophage, into which fragments of
DNA may be inserted or cloned. A vector will contain one or
more unique restriction sites, and may be capable of autono-
mous replication in a defined host or vehicle organism such
that the cloned sequence is reproducible. A vector contains a
promoter operably linked to a gene or coding region such that,
upon transfection into a recipient cell, an RNA is expressed.

By “substantially pure” is meant a nucleic acid, polypep-
tide, or other molecule that has been separated from the
components that naturally accompany it. Typically, the
polypeptide is substantially pure when it is at least 60%, 70%,
80%, 90% 95%, or even 99%, by weight, free from the pro-
teins and naturally-occurring organic molecules with which it
is naturally associated. For example, a substantially pure
polypeptide may be obtained by extraction from a natural
source, by expression of a recombinant nucleic acid in a cell
that does not normally express that protein, or by chemical
synthesis.
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By a“promoter” is meant a nucleic acid sequence sufficient
to direct transcription of a gene. Also included in the inven-
tion are those promoter elements which are sufficient to ren-
der promoter-dependent gene expression controllable for cell
type-specific, tissue-specific or inducible by external signals
or agents (e.g. enhancers or repressors); such elements may
be located in the 5' or 3' regions of the native gene, or within
an intron.

By “operably linked” is meant that a nucleic acid molecule
and one or more regulatory sequences (e.g., a promoter) are
connected in such a way as to permit expression and/or secre-
tion of the product (e.g., a protein) of the nucleic acid mol-
ecule when the appropriate molecules (e.g., transcriptional
activator proteins) are bound to the regulatory sequences.

By “antibody that selectively binds” is meant an antibody
capable of a high affinity interaction with a specific target
molecule, having a dissociation constant of <1 uM, <100 nM,
<10 nM, <1 nM, or even <100 pM. Preferably, the antibody
has at least 10-fold, 100-fold, 1,000-fold, or even 10,000-fold
lower affinity for other, non-target molecules. A “DRAGON-
specific antibody” is, therefore, an antibody that selectively
binds to a DRAGON protein.

By a “DRAGON-related condition” is meant any disease
ordisorder which is associated with the dysfunction or altered
(increased or decreased) activity or expression of DRAGON.
Alternatively, DRAGON-related conditions can also refer to
any disease or disorder which, although not associated with
DRAGON dystfunction, is amenable to treatment by modu-
lating (increasing or decreasing) the activity or expression of
a DRAGON protein or nucleic acid or by mimicking their
actions. Typically, these DRAGON-related conditions are
associated with a dysfunction in signal transduction in the
BMP/GDF branch of the TGF-J signaling pathway. The dys-
function may be an inappropriate activation, in magnitude or
duration, of the signaling pathway, requiring a reduction of
DRAGON biological activity. Alternatively, the signaling
pathway may be hypoactive and successful therapy requires
increasing the level of pathway activation.

By a “therapeutically effective amount™ is meant a quantity
of compound (e.g., a DRAGON protein) delivered with suf-
ficient frequency to provide a medical benefit to the patient.
Thus, a therapeutically effective amount of a DRAGON pro-
teinis anamount sufficient to treat or ameliorate a DRAGON-
related condition or symptoms.

By “treating” is meant administering a pharmaceutical
composition for the purpose of improving the condition of a
patient by reducing, alleviating, or reversing at least one
adverse effect or symptom.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a graph illustrating the result of a computational
structure-function analysis of mDRAGON, demonstrating
the presence of a signal sequence which results in protein
secretion.

FIGS. 2A-2D provide experimental results using a novel
anti-DRAGON rabbit polyclonal antibody. F1G. 2A is a West-
ern blot analysis of protein extract from untransfected
HEK293 cells (=), or those transfected (+) with DRAGON
expression vector. A distinct band having a molecular weight
of about 50 KDa is recognized by the anti-DRAGON anti-
body in transfected, but not control, cells. ERK protein level
was used as a loading control. FIG. 2B is a photomicrograph
of an immunocytochemical study showing significant stain-
ing of DRAGON-expressing HEK cells (top). Pretreatment
of DRAGON-expressing HEK cells with PI-PL.C causes a
significant reduction of anti-DRAGON staining (bottom).
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Non-transfected HEK cells show no anti-DRAGON staining
(not shown). FIG. 2C is a photomicrograph of a Western blot
analysis of samples of DRAGON-expressing HEK cell cul-
ture medium, with or without pretreatment using PI-PL.C. A
band corresponding to DRAGON is detected in PI-PLC
treated medium samples. FIG. 2D is a series of photomicro-
graphs from an anti-DRAGON immunohistochemical study
of adult spinal cord and DRG at low (top) and high (middle)
magnification. As a control, the anti-DRAGON antibody was
pretreated with the immunogenic DRAGON fragment prior
to immunohistochemical staining (bottom). Scale, 100 pM.

FIG. 3 is a photomicrograph showing the distribution of
DRAGON expression in the retina and optic nerve of a mouse
embryo (E14.5) using immunohistochemistry.

FIG. 4 is a photomicrograph showing the distribution of
DRAGON expression in rat glaborous skin (base of the epi-
dermis of the hindpaw) using immunohistochemistry.
DRAGON expression is highest in the Merkel cells.

FIG. 5A is a photomicrograph of an in situ hybridization
study showing that DRAGON and DRG11 mRNAs are both
expressed in the dorsal root ganglion (DRG) and the spinal
cord at E12.5. FIG. 5B is a bar graph showing the DRG11-
dependent enhancer activity of the DRAGON promoter frag-
ment. FIG. 5C shows the results of a pull-down experiment
using either GST or GST-DBD (DBD=DRG11 DNA Binding
Domain). The purified proteins (right panel) were incubated
with the DRAGON promoter fragment, and “pulled down”
using glutathione sepharose. Only GST-DBD fusion protein
pulled down the promoter fragment as assessed by agarose
gel electrophoresis. FIG. 5D is a photomicrograph of an in
situ  hybridization study demonstrating a decrease in
DRAGON mRNA expression in the DRG and the spinal cord
of DRG11-/- mouse at E14.5, compared to wildtype. FIG.
5E shows the result of a Northern blot analysis of DRAGON
mRNA expression in adult and embryonic E14.5 tissue. FI1G.
5F shows the result of a Northern blot analysis of DRAGON
mRNA expression in whole mouse embryos during develop-
ment. $-actin mRNA levels were used as a loading control.

FIG. 6 is a series of photomicrographs showing the distri-
bution of DRAGON mRNA in the adult rat DRG by in situ
hybridization.

FIG. 7 is a series of photomicrographs showing the distri-
bution of DRAGON mRNA in the brain of an E18 mouse by
in situ hybridization.

FIG. 8A is a series of photomicrographs showing the local-
ization of DRAGON during mouse embryogenesis at E2.5,
visualized using an anti-DRAGON antibody and FITC fluo-
rescence (left panel). Nuclei of the cells are visualized by
CY3 fluorescence (PI; middle panel). Pre-adsorption of the
DRAGON antibody with the peptide antigen was used as a
negative control (Pept.; right panel). FIG. 8B is a Northern
blot showing the developmental profile of DRAGON expres-
sion in the mouse embryo. Cyclophilin mRNA levels were
measured as a loading control (lower panel). FIG. 8C are
photomicrographs of whole embryo (E10.5) DRAGON
immunohistochemistry. FIG. 8D is a Northern blot of embry-
onic Xenopus DRAGON expression, using RT-PCR. ODC
levels were used as an internal control. FIG. 8E is a series of
photomicrographs of whole mounted Xenopus embryos fol-
lowing in situ hybridization of expression of RGMa at stages
12 (1), 17 (i1), 20 (iii), and 35 (iv). Transverse sections through
stained stl12 and st20 embryos are also shown.
(bp=balstopore; post=posterior; ant=anterior; nc=notochord;
rp=roof plate; hb=hindbrain; mb=midbrain; fb=forebrain;
ba=brachial arches).

FIG. 9A is a bar graph showing the effect of BMP-2 and
DRAGON on BRE-Luc reporter gene activation. FIG. 9B is a
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bar graph showing the combined effects of BMP-2 and
DRAGON on BRE-Luc reporter gene activation. FIG.9Cis a
bar graph demonstrating that DRAGON does not affect TGF-
[- or Activin-mediated signaling.

FIG. 10A is a series of Western blots following an anti-
DRAGON immunoprecipitation, using an anti-HA antibody,
that demonstrates that DRAGON physically binds to ALK2
(A2), ALK3 (A3), and ALK6 (A6). FIG. 10B is a series of
Western blots following an anti-DRAGON immunoprecipi-
tation, using an anti-HA antibody, that demonstrates that
DRAGON physically binds to BMPRIIA (RII), and
BMPRIIB (RIIB) FIG. 10C is a bar graph showing that
DRAGON-induced signaling is mediated through ALK3 and
ALK6. ALK3-DN, ALK6-DN, but not ALK1-DN expression
reduces DRAGON-induced signaling. FIG. 10D is a bar
graph showing that DRAGON-induced signaling is mediated
through a Smadl dependent mechanism. BRE-Luc reporter
gene activation is significantly reduced in the presence of
increasing concentrations of a dominant negative Smadl.

FIG. 11A is a bar graph demonstrating that noggin, a BMP
antagonist, inhibits both BMP-2-dependent and DRAGON
dependent BRE-Luc reporter gene activation. FIG. 11B is a
bar graph demonstrating that follistatin, an activin antagonist,
has no effect on BMP-2-dependent and DRAGON dependent
BRE-Luc reporter gene activation. FIGS. 11C and 11D are
bar graphs demonstrating the an anti-DRAGON-Fc antibody
does not detect binding between DRAGON and [***I]-nog-
gin.

FIG. 12A is a series of phosphoimages demonstrating that
DRAGON interacts directly with BMP2 and BMP4. COS-1
cells were transiently transfected with DRAGON, HA-tagged
ALKG6 or TPRII and affinity-labeled with [***1]-BMP2 (left)
or [,,5I]-TGFpB (right) and immunoprecipitated using the
indicated antibodies. FIG. 12B is a bar graph quantifying the
amount of DRAGON-Fc binding to ['*°I]-BMP2. The
DRAGON Fc/['2°T]-BMP2 complexes were captured on pro-
tein A coated plates and bound radioactivity was measured.
FIG. 12C is abar graph quantifying the amount of DRAGON-
Fe binding to [**°1]-BMP2 in the presence bf various TGF-f
family receptors. DRAGON-Fc binding to ['*°I]-BMP2 is
effectively displaced by unlabeled BMP-2 and BMP-4, but
not BMP-7, Activin A, TGF-f1, TGF-p2, or TGF-p3. FIG.
12D is a bar graph showing the relative intensity of luciferase
expression in LL.C-PK1 cells transfected with the BRE-Luc
reporter construct. Soluble DRAGON (DRAGON-Fc)
reduces the BMP2-mediated signaling. FIG. 12E is a bar
graph showing the relative intensity of luciferase expression
in LLC-PK1 cells transfected with the BRE-Luc reporter
construct. Soluble DRAGON (DRAGON-Fc¢) reduces the
BMP2-mediated signaling, but not BMP7- or TGF-f1-medi-
ated signaling.

FIG. 13A is a bar graph demonstrating that membrane-
bound DRAGON, but not soluble DRAGON, is capable of
activating BRE-Luc reporter gene expression. FIG. 13B is a
western blot using an anti-DRAGON antibody to confirm the
presence of both the membrane-bound and soluble form of
DRAGON in the previous experiment.

FIG. 14 is a schematic diagram of the interaction of
DRAGON with the BMP signaling pathway.

FIG. 15A is a series of RT-PCR Northern blots from Xero-
pus embryos microinjected with murine DRAGON mRNA.
FIG. 15B is a series of RT-PCR Northern blots from animal
cap explants microinjected with DRAGON mRNA. FIG. 15C
is a series photomicrographs of whole mounted Xenopus
embryos following injection of DRAGON mRNA into the
animal pole of 1 out of 2 cells at the 2-cell stage. DRAGON
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induces inhibits twist RNA (a neural crest marker) and
induces ectopic N-tubulin expression (a neural marker).

FIG. 16 is a photomicrograph showing the expression of
DRAGON in the mouse knee joint.

FIG. 17 is a series of photomicrographs showing the
elevated expression of DRAGON in the ischemic kidney.

FIG. 18 is a photomicrograph showing the expression of
DRAGON in the mouse testis.

FIG. 19 is a photomicrograph showing the expression of
DRAGON in normal breast tissue and breast cancer tissue.

FIG. 20 is a photomicrograph showing the expression of
DRAGON in the normal colon and in colon cancer tissue.

FIGS. 21 A-21C are a series of photomicrographs that dem-
onstrate the adhesion of DRG neurons to DRAGON-express-
ing HEK 293 cells. P14 neonatal DRG neurons were plated
on a monolayer of confluent HEK cells and DRAGON trans-
fected HEK cells. The culture slides were washed, fixed, and
immunostained for DRG neurons using anti-NeuN (neuronal
marker). Double immuno-labeling using anti-NeuN and anti-
DRAGON indicates a direct interaction between DRAGON
expressing HEK cells and DRG neurons (FIG. 21C). FIG.
21D is a bar graph quantifying the adhesion experiment
results. A 1.9-fold increase in the number of adherent DRG
neurons was observed when plated on DRAGON-expressing
HEK 293 cells, compared to control HEK 293 cells. Pretreat-
ment of the DRAGON-expressing HEK cells with PI-PL.C
significantly reduced the adherence of DRG neurons.

FIG. 22 is a schematic diagram of the role of DRAGON in
cell adhesion.

FIG. 23 A is a vector map of the pLenti-hU6BX expression
vector designed to express double stranded shRNA to silence
DRAGON gene expression. The GFP cassette is used to
check transfection and expression and the ampicillin resis-
tance gene is used to select for positive clones. FIG. 23Bis a
Western blot on extracts from SHSYSY neuroblastoma cells
expressing two different shRNA vectors or a negative control.
Each of the shRNA vectors is directed to a different region of
the DRAGON cDNA.

FIG. 24 A-H provides the amino acid (SEQ ID NOs.: 1, 2,
and 4) and nucleic acid (SEQ ID NOs: 5-7) sequences of
mouse, human, and zebrafish DRAGON, the amino acid
sequences of C. elegans DRAGON (SEQ ID NO:3), the
amino acid (SEQ ID NOs: 8-9) and nucleic acid (SEQ ID
NOs: 10-11) sequences of human DL-M and DL-N; and the
amino acid (SEQ ID NO:12) and nucleic acid (SEQ ID
NO:13) sequences of RGMa.

FIG. 25 is a set of images of gels showing DRAGON
mRNA expression in mouse tissues. RNA extracted from
various mouse tissues was examined for DRAGON mRNA
expression by RT-PCR. In tissues where DRAGON expres-
sion was low, 3-actin was used as a control for cDNA quality.
DRAGON expression was strongly detected in testis (Te),
ovary (Ov), pituitary (Pit), epididymis, uterus (Ut), kidney
(Kid), and brain (Br). Weaker DRAGON signals were
detected in seminal vesicles (SV) and adrenal (Ad).

FIGS. 26A-26D are images showing cellular localization
of DRAGON in the mouse testis and epididymis during post-
natal development by immunohistochemistry and in situ
hybridization. For immunohistochemistry, all sections were
stained with DAB and counterstained with hematoxylin.
Images are shown at lower (40) or higher (100) magnification.
FIG. 26 A shows immunolocalization of DRAGON in testes
atdl (D1, a), d3 (D3, b), d9 (D9, ¢), d21 (D21, d), and d60
(D60, e and ). For negative control, sections were incubated
with DRAGON antibody preincubated with competing
immunizing peptide (g and h). DRAGON is highly expressed
in gonocytes and spermatogonia in testes of newborn mice
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and spermatocytes and round spermatids in testes of adult
mice. DRAGON is not expressed in spermatocytes of d21
testes. Spermatogonia are weakly stained in d21 testes but not
stained in adult testes. FIG. 26B shows immunostaining of
d21 testes with (b) and without (a) PMSG (5 IU) injection 2 d
earlier. Immunostaining in spermatocytes is turned on by
PMSG administration. FIG. 26C shows localization of
DRAGON mRNA in mouse testes by in situ hybridization.
Bright (left) and dark (right) field images are shown. FIG.
26D shows immunolocalization of DRAGON in d3 (D3, a-c)
and d60 (D60, d-f) epididymis. Caput (a and d), corpus (b and
e), and cauda (c and f) were dissected.

FIGS. 27A-27C are images showing cellular localization
of DRAGON in the mouse ovary and uterus by immunohis-
tochemistry and in situ hybridization. For immunohis-
tochemistry, all sections were stained with DAB and counter-
stained with hematoxylin. Images are shown at lower (40) or
higher (100) magnification. FIG. 27A shows DRAGON
immunostaining in ovaries at d60 (D60, a-d) and d9 (D9, ).
The staining in oocytes of secondary follicle (arrow) is stron-
ger than that in oocytes of antral (arrowhead) and atretic
(curved arrow) follicles (a and d). DRAGON is not expressed
in oocytes of primordial (open arrow) and primary (triangle)
follicles (b and c). For negative control, sections were incu-
bated with DRAGON antibody preincubated with competing
immunizing peptide (e). FIG. 27B shows localization of
DRAGON mRNA in mouse adult ovaries by in situ hybrid-
ization. Dark (b and d) and bright (a and c) field images are
shown. Signals are confined to oocytes, and signals are stron-
ger in the secondary (arrow) than in antral (arrowhead) fol-
licles (a and b). No signals are seen in primary follicles
(triangle, c and d) and in corpus luteurii (CL). FIG. 27C shows
immunohistochemistry of the mouse uterus showing protein
expression of DRAGON (a and b), and negative control (c),
incubation with DRAGON antibody preincubated with com-
peting immunizing peptide. The solid arrow indicates luminal
epithelial cells of endometrium, the arrowhead indicates
glandular epithelial cells of endometrium, and the open arrow
shows circular muscle.

FIGS. 28A and 28B are images showing immunolocaliza-
tion of DRAGON in the pituitary and colocalization of
DRAGON and FSH. FIG. 28A shows immunostaining for
DRAGON in the mouse pituitary (paraffin sections). Sections
were incubated with DRAGON antibody (a-c) or with
DRAGON antibody preincubated with competing immuniz-
ing peptide (d-f), AL, Anterior lobe; IL, intermediate lobe;
PL, posterior lobe. FIG. 28B shows colocalization of FSH
and DRAGON in the mouse anterior pituitary (frozen sec-
tions). DRAGON and FSH were detected in the anterior
pituitary. Double-labeled cells (arrows) indicate DRAGON
expression in the mouse pituitary gonadotrope. Note that
some FSH-positive cells are negative for DRAGON staining
and some DRAGON-positive cells are negative for FSH
staining.

FIGS. 29A-29C are images showing expression of
DRAGON in cell lines derived from reproductive tissues and
localization of DRAGON into lipid rafts. FIG. 29A shows
RT-PCR analyses of DRAGON mRNA in cell lines. §-Actin
was used as a control for cDNA quality. FIG. 29B shows
immunochemical localization of DRAGON in Ishikawa
cells. The live unfixed cells were incubated with rabbit anti-
DRAGON serum on ice and then fixed in 2% paraformalde-
hyde. The bound antibodies were detected by incubating with
FITC-conjugated donkey antirabbit IgG. FIG. 29C shows
localization of DRAGON in raft-enriched fractions prepared
from Ishikawa cells. Cells were extracted using a bufter con-
taining 1% Triton X-100. The lysate was mixed with 85%
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sucrose, sequentially layered with 35 and 5% sucrose, and
centrifuged for 14 h at 150,000 g. Nine fractions were col-
lected and analyzed for DRAGON, caveolin-1, and f-actin by
Western blot. The bands specific for DRAGON are marked
with asterisks.

FIGS. 30A-30D are graphs showing that DRAGON
enhances cellular response to BMPs in cell lines derived from
reproductive tissues. FIG. 30A shows Ishikawa or KGN cells
were transiently transfected with BRE-Luc reporter in com-
bination with increasing doses of DRAGON cDNA and
assayed for luciferase activity. Transfection with DRAGON
increases BRE-Luc response in the absence of exogenous
ligand. Values are ratios of BRE-Luc to pRL-TK and are
mean+SE of triplicates from representative experiments.
DRAGON protein is detectable by Western blot in Ishikawa
cells after transfection with 100 ng cDNA. The membrane
was stripped and reprobed with 3-actin antibody as a control
forloading (inset). FIG. 30B shows Ishikawa cells transfected
with BRE-Luc reporter and DRAGON c¢DNA and treated
with BMP2 alone or together with noggin. Values are ratios of
BRE-Luc to pRL-TK and are mean=SE of triplicates from
representative experiments. FIG. 30C shows control medium
used in parallel with noggin-conditioned medium to demon-
strate the specificity of the inhibitory activity of noggin-
conditioned medium in BMP2 signaling. Although noggin
inhibited BMP2 signaling, control conditioned medium had
no inhibitory effect. FIG. 30D shows Ishikawa cells tran-
siently transfected with BRE-Luc reporter and DRAGON (0
or 10 ng) in 24-well plates were incubated with increasing
doses (0-2800 pM) of BMP2. Values are fold increases of
luciferase activity in treated cells relative to untreated cells
and are the means SE of six determinations from three inde-
pendent experiments in duplicate. Asterisks indicate signifi-
cant differences between transfected and untransfected cells
at each BMP2 dose: **, P 0.01; *, P 0.05.

FIGS. 31A-31C are graphs showing RGMa signals via the
BMP, but not the TGF-f, pathway. FIGS. 31 A and 31B show
LLC-PK1 cells transfected with the BMP-responsive firefly
luciferase reporter (BRE-Luc, A) or the TGF-p-responsive
firefly luciferase reporter (CAGA-Luc, B), in combination
with pRL-TK Renilla luciferase vector, either alone (A, B
bars 1, 2) or with 0.2 mg RGMa cDNA (A, B bar 3). Trans-
fected cells were then incubated for 16 hrs in the absence (A,
B bars 1, 3) or presence of 50 ng/ml BMP-2 (A, bar 2) or 20
ng/ml TGF-p1 (B, bar 2) followed by measurement of
Iuciferase activity. FIG. 31C shows LL.C-PK1 cells trans-
fected with BRE-Luc and pRL-TK either alone or with
increasing amounts of RGMa ¢DNA as indicated. Trans-
fected cells were then incubated for 16 hrs in the absence
(white bars) or presence of 50 ng/ml BMP-2 (black bars),
followed by measurement of luciferase activity. Luciferase
values were normalized for transfection efficiency relative to
Renilla activity to generate relative luciferase units (R.L..U.).
Results are reported as the mean+/-standard deviation.

FIGS. 32A-32C are graphs and a gel image showing
RGMa-mediated BMP signaling is ligand-dependent. FIGS.
32A and 32B show LLC-PK1 cells transfected with BRE-Luc
and pRL-TK alone (A, B bars 1-2, 5-6) or in combination with
0.2 mg RGMa cDNA (A, B bars 3-4). RGMa transfected cells
were then incubated alone (A, B bar 3) or with 1 mg/ml
noggin protein (A, bar 4) or 20 mg/ml neutralizing antibody
against BMP-2 and BMP-4 (a.-BMP2/4, B, bar 4) for 48 hrs.
As acontrol, cells without RGMa were incubated for 48 hrs in
the absence (A, B, bars 1, 5) or presence of 1 mg/ml Noggin
protein (A, bars 2, 6) or 20 mg/ml a-BMP2/4 (B, bars 2, 6),
without (A, B, bars 1, 2) or with exogenous BMP-2 at 75
mg/ml (A, bars 5-6) or 25 mg/ml (B, bars 5-6) for 16 hrs.
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Luciferase activity was measured from cell extracts and nor-
malized for transfection efficiency relative. to Renilla activity
to generate relative luciferase units (R.L.U.) Results are
reported as the mean+/—standard deviation. FIG. 32C shows
RT-PCR performed on total RNA from LLC-PK1 cells using
primers for BMP-2 or BMP-4 as indicated (lane 3). Purified
plasmid cDNAs containing BMP-2 or BMP-4 were used as
positive controls (+, lane 1), and reactions without template
were used as negative controls (-, lane 2).

FIG. 33 is an image of a Western blot showing expression
of'soluble RGMa.Fc fusion protein. Soluble RGMa.Fc fusion
protein was purified from the media of stably transfected
HEK-293 cells via one-step Protein A affinity chromatogra-
phy. Protein A purified media from cells transfected with
empty vector was used as a negative control (Mock). Purified
protein was analyzed by reducing SDS-PAGE followed by
Western blot with anti-RGMa peptide antibody (a-RGMa,
right lane) or anti-human Fc antibody (a-Fc, left 2 lanes) as
indicated.

FIGS. 34A and 34B are a graph and an autoradiography gel
image showing soluble RGMa.Fc binds BMP-2 and BMP-4
selectively. FIG. 34A shows 400,000 counts **°I-BMP-2 was
incubated overnight alone (background) or in combination
with 25 ng RGMa.Fc, in the absence (total binding) or pres-
ence of excess unlabeled BMP-2, -4, -7, or TGF-f1 as indi-
cated, followed by incubation on protein A coated plates and
determination of radioactivity using a standard g counter.
FIG. 34B shows buffer alone (C), 25 ng RGMa.Fc, or TGF-
type I receptor ALK5.Fc incubated with 400,000 counts *2°1-
BMP-4 with or without excess cold BMP-4 overnight at 4° C.
This mixture was then incubated in the absence (-DSS) or
presence of 2.5 mM DSS in DMSO (+DSS) as indicated for 2
hr at 4° C. After quenching of DSS activity, the mixture was
incubated with Protein A beads at 4° C. for 2 hr, and the eluted
protein complex analyzed by non-reducing SDS-PAGE, fol-
lowed by autoradiography.

FIGS. 35A-35C are graphs and images of Western blots
showing RGMa mediates BMP signaling through BMP
receptors. FIG. 35A shows, in the Left panel, LL.C-PK1 cells
transfected with BRE-Luc and pRL-TK either alone, (bar 1)
or in combination with 0.2 mg RGMa cDNA (bars 2-4), in the
absence (bar 2) or presence of 1 mg dominant negative type |
receptors ALK3 (ALK3 DN, bar 3) or ALK6 (ALK6 DN, bar
4). In the Right panel, LLC-PK1 cells were transfected with
BRE-Luc and pRL-TK either alone (bars 5, 6) or in combi-
nation with 1 mg ALK3 DN (bar 7) or ALK6 DN, (bar 8),
followed by incubation in the absence (bar 5) or presence of
50 ng/ml BMP-2 (bars 6-8). Luciferase activity was measured
from cell extracts and normalized for transfection efficiency
relative to Renilla activity to generate relative luciferase units
(R.L.U.). Results are expressed as the mean+/-standard
deviation. FIG. 35B shows 200 ng RGMa.Fc, 200 ng
ALK6.Fc, and/or 100 ng BMP-2 incubated in solution in
various combinations as indicated with the crosslinker DSS.
Complexes were pulled down with protein A beads, and the
protein complex was analyzed by non-reducing SDS-PAGE
followed by Western blot with RGMa antibody. Arrowheads
indicate slower migrating bands containing RGMa.F¢ com-
plexes. FIG. 35C shows buffer alone (bar 1), 10 ng RGMa.Fc
alone (bar 2), 10 ng ALK6.Fc alone (bar 3), or the combina-
tion of 10 ng each of RGMa.Fc and ALK6.Fc (bar 4) incu-
bated with '**I-BMP-2, followed by incubation on protein A
coated plates and determination of radioactivity using a stan-
dard g counter.

FIGS. 36A-36D show RGMa mediates BMP signaling
through Smad1/5/8 and upregulates 1dl. FIG. 36A shows
LLC-PK1 cells transfected with BRE-Luc and pRL-TK
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either alone (lane 1, 7-8), or in combination with 1 mg wild-
type Smadl (Smadl WT, bar 2, 9) or 1 mg dominant negative
Smadl (Smadl DN, bar 3, 10). Transfected cells were then
incubated in the absence (bar 1-3, 7) or presence of 50 ng/ml
BMP-2 (bars 8-10). Alternatively, cells were co-transfected
with BRE-Luc, pRL-TK, and 0.2 mg RGMa alone (bar 4), or
in combination with Smadl WT (bar 5) or Smadl DN (bar 6).
Luciferase activity was measured from cell extracts and nor-
malized for transfection efficiency relative to Renilla activity
to generate relative luciferase units (R.L..U.) Results are
reported as the mean+/-standard deviation. FIG. 368 shows
LLC-PK1 cells transiently transfected with 5 mg RGMa
c¢DNA (middle 3 lanes) or empty vector (left and right 2
lanes). 24 hours after transfection, cells were incubated with-
out (lanes 1-5) or with 50 ng/ml BMP-2 (right two lanes) for
two hours. Cell lysates were analyzed by Western blot in
succession with RGMa antibody (a-RGMa), phosphorylated
Smad1/5/8 antibody (a-p-Smadl/5/8), Smadl antibody
(a-Smadl, as a loading control), Id1 antibody (a-1d1), and
actin antibody (a-f-actin, as a loading control). FIGS. 36C
and 36D show chemiluminescence from the Western blot in
panel B quantitated by IPLab Spectrum software for phos-
phorylated Smad1/5/8 relative to Smadl expression (FIG.
36C) and Idl relative to P-actin expression (FIG. 36D).
Results are reported as the mean+/-standard deviation of
control cells (C), cells transfected with RGMa (RGMa), and
cells treated with BMP-2 (BMP-2).

FIG. 37 is a Northern blot of RGMa expression in adult rat
tissues. 10 mg total RNA was loaded per tissue per lane and
probed for RGMa. Tissues are indicated by name.

FIGS. 38A-38F are images of immunohistochimcal sec-
tions showing RGMa and nuclear phosphorylated Smad1/5/8
expressed in ventral horn motor neurons of adult rat spinal
cord. Fixed adult rat spinal cord sections were co-immun-
ostained with rabbit anti-RGMa antibody (a-RGMa, FIGS.
38A-38C) or rabbit anti-phosphorylated Smadl, 5, 8 anti-
body (a-p-Smad1/5/8; FIGS. 38D-38F) in combination with
mouse anti-neuron-specific nuclear protein antibody to visu-
alize neuronal cell bodies (c-NeuN, all panels), followed by
Cy3-conjugated anti-rabbit and FITC-conjugated anti-mouse
secondary antibodies. Shown are images of the ventral horn
by fluorescence microscopy. Cy3 fluorescence is shown in the
left column of panels (-RGMa (FIG. 38A) or a-p-Smadl, 5,
8 (FIG. 38D)). FITC fluorescence is shown in the middle
column of panels (a-NeuN (FIGS. 38B and 38E)). The cor-
responding superimposed images are shown in the right col-
umn of panels (Merge (FIGS. 38C and 38F)). Representative
motor neurons are indicated (arrows).

FIGS. 39A and 39B are a Western blot and an immunocy-
tochemical analysis showing increase in levels of phospho-
rylated-Smadl (pSmadl) in cultured DRG treated with
BMP2. Note that levels of Smadl are unchanged. -tubulin
levels were used as loading Control. Immunocytochemical
analysis FIG. 39B shows induction of phospho-Smadl in
cultured DRG neurons After BMP2 treatment (bottom) as
compared to control (top).

FIGS. 40A and 40B are images showing DRG neurons
cultured (48 hrs) in the absence (FIG. 40A; Cont) or presence
of BMP2 (100 ng/ml; FIG. 40B) and stained for p-tubulin III
to assess neurite outgrowth. Note the increase in neurites after
incubation with BMP2 indicating that BMP2 acts directly on
sensory neurons to induce neurite outgrowth.

FIGS. 41A-41G are a schematic diagram and images
showing results from an experiment similar to the one
described in FIGS. 39 and 40, using the spinal cord slice
paradigm (FIG. 41A) to show that spinal cord neurons also
respond to BMP2 via the Classical Smadl, 5, 8 signaling
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pathway (FIGS. 41B-41G). After BMP2 treatment (100
ng/ml), the slices were analyzed by immunohistochemistry to
assess levels of phosphorylated Smadl (p-Smadl) as a
marker for BMP signaling.

FIG. 42 is an image showing the slices co-stained with
anti-NeuN (an antibody that labels neurons) to show that the
detected increase of BMP signaling (phospho-Smadl)
observed in the spinal cord is also neuronal.

DETAILED DESCRIPTION
The TGF-f Signaling Pathway

Signaling through the TGF-p pathways influences the
growth and differentiation of a variety of cell types by affect-
ing gene transcription. TGF-f ligands, the extracellular sig-
naling molecules, induce the formation of functional receptor
complexes by combining members of two distinct families of
serine/threonine kinases; the Type [ and Type II TGF-f recep-
tors. The Type 11 receptor activates, by phosphorylation, the
Type I receptor which propagates the TGF-f3 signal by phos-
phorylating a member of the cytoplasmic receptor-activated
Smad (R-Smad) protein family. Each TGF-f ligand has the
capability to assemble several possible Type I/Type II recep-
tor combinations and different combinations phosphorylate
different intracellular R-Smad protein substrates. Signaling
by an Activin/Nodal TGF-f ligand typically results in the
phosphorylation of either Smad2 or Smad3; whereas BMP/
GDF TGF-f ligand signals are frequently transduced through
Smadl, Smad5, or Smad8. The R-Smads form heteromeric
complexes with the Co-Smads and Smad4, and then translo-
cate from the cytoplasm into the nucleus to regulate gene
transcription.

The TGF-p ligands BMP2, BMP4, BMP7, and GDF5 acti-
vate the BMP/GDF branch of the TGF-f signaling pathway.
Upon ligand binding, a functional TGF- receptor is formed
from BMP type I receptor (BMPRI) and a BMP type 11
receptor (BMPRII). The BMPRIs that mediate BMP2,
BMP4, and BMP7 signaling include ALK2, ALK3, or ALKG6.
The group from which the BMPRII is selected includes the
prototypical BMP type II receptor (BMPRII), the Activin
type I1A receptor (ActRIIA), and the Activin type IIB recep-
tor (ActRIIB).

Multiple extracellular and intracellular regulators enhance
or reduce TGF-p and BMP signaling. Access of ligands to
receptors is inhibited by soluble proteins that bind and
sequester the ligand. These include LAP, decorin, and
a2-macroglobulin, which bind to TGF-f. Soluble BMP
antagonists include noggin, chordin, chordin-like, follistatin,
FSRP, the DAN/Cerberus protein family, and sclerostin.

TGF-f ligand access to receptors is also controlled by
membrane-bound co-receptors. The proteoglycan beta-gly-
can (TGF-p type I receptor) enhances TGF-f binding to the
type 11 receptor while endoglin facilitates binding to Alkl.
The connective tissue growth factor (CTGF) enhances TGF-f
and inhibits BMP4 receptor binding. The CFC-EGF family
regulates TGF-f signaling both as secreted factors and cell
surface components. Cripto, a GPI-anchored membrane pro-
tein, increases binding of nodal, Vgl, and GDF1 to activin
receptors but inhibits activin signaling by forming an “inert”
complex with activin and ActRIl. BAMBI acts as a decoy
receptor that competes with the type I receptor for incorpo-
ration into ligand-induced receptor complexes.

So far only co-receptors that act on the TGF-f/activin/
nodal signal transduction pathway have been identified. We
have discovered that DRAGON, a membrane-associated
GPI-anchored protein that is expressed early in vertebrate
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embryos, binds to BMP but not other TGF-§ ligands, associ-
ates with BMP receptors, and activates BMP signaling in cell
lines and Xeropus embryos. We conclude that DRAGON is
the first identified co-receptor that enhances BMP signaling
and may be used to modulate the BMP/GDF branch of the
TGF-f signaling pathway.

Characterization of DRAGON

Murine DRAGON (SEQ ID NOs: 1 and 5) was identified,
using a Genomic Binding Site (GBS) strategy, as a seminal
member of a new family of DRG-11 responsive genes that are
involved in embryogenesis. DRAGON homologs have been
identified in the human (SEQ ID NOs: 2 and 6), Zebrafish
(SEQ ID NOs: 4 and 7), and C. elegans (SEQ ID NO: 3).

Sequence analysis of the mDRAGON coding region iden-
tified conserved domains with homology to notch-3, phos-
phatidylinositol-4-phosphate-5-kinase type II beta), insulin-
like growth factor binding protein-2, thrombospondin, ephrin
type-B receptor 3 precursor, and Slit-2, all of which are
known to influence axonal guidance, neurite outgrowth, and
other neuronal developmental functions. The C-terminus of
mDRAGON is also predicted to contain a hydrophobic
domain indicative of a 21 amino acid extracellular GPI
anchoring. A computational structure-function analysis of
mDRAGON reveals the presence of a putative signal peptide
sequence (FIG. 1), indicating that the gene product is a
secreted protein, and further supporting an extracellular
localization.

DRAGON Protein Expression

A rabbit polyclonal antibody was raised against the peptide
sequence TAAAHSALEDVEALHPRK (SEQ ID NO: 8;
residues 388-405 of mDRAGON), present in the C-terminus
of DRAGON, upstream of its hydrophobic tail. The antibody
binds with high affinity to recombinant DRAGON expressed
in HEK293T transfected cells, recognizing a band of 50 KDa
in Western blots (FIG. 2a). Antibody specificity was con-
firmed by immunocytochemistry of DRAGON-expressing
HED293T cells (FIG. 2b). Western blots of protein extracts
from neonatal and adult DRG and DRG primary cultures
show a similar band with an additional lower band 0f 40 KDa,
indicating possible proteolytic cleavage of endogenous
DRAGON. Treatment of HEK293T cells expressing
DRAGON with PI-PLC results in the decrease of DRAGON
detection on HEK cells and its release into the culture
medium (FIG. 2¢), indicating that DRAGON is GPI-an-
chored.

Immunohistochemistry confirms expression of DRAGON
in the DRG, spinal cord and brain in the areas where
DRAGON mRNA is found (FIG. 2d). In the adult DRG,
DRAGON is more abundantly expressed in small neurons
with unmyelinated axons than in medium and large myeli-
nated neurons (Ad and Ap-fibers) (FIG. 2d). In the adult
spinal cord, DRAGON expression is most prominent in the
superficial laminae of the dorsal horn (FIG. 24). Immunohis-
tochemical studies also demonstrated that the DRAGON pro-
tein is expressed in the E14.5 mouse retina and optic nerve
(FIG. 3) and skin (FIG. 4).

Tissue Localization of DRAGON Gene Expression

Initial studies using in situ hybridization demonstrated
that, at E12.5, DRG11 and DRAGON expression overlaps
(FIG.54). In the DRG most neurons express both DRG11 and
DRAGON; in the spinal cord DRG11 and DRAGON are
expressed in the same medial region adjacent to the ventricu-
lar zone (FIG. 5a). A pull down assay was carried out to
confirm interaction of DRG11 with the 363 bp promoter
fragment of DRAGON obtained with the GBS screening. The
promoter fragment was pulled down by a GST-DRG11-DBD
fusion protein but not GST (FIG. 5¢). Finally, DRAGON
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mRNA expression in DRG11 null mutant embryonic mice
was examined. DRAGON expression in the spinal cord and
DRG were significantly reduced in DRG11~"~ mice com-
pared to wildtype littermates (FIG. 54). DRAGON mRNA is
also expressed in embryonic and adult mouse DRGs, spinal
cord, and brain, with little or no expression in the liver and
kidney, and low levels in the heart (FIGS. Se, 6, and 7).

DRAGON is expressed throughout vertebrate embryonic
development (FIG. 5f) but primarily in the developing periph-
eral and central nervous systems. It’s expression begins in
early embryogenesis, in ES cells and E2.5 embryos and in
oocytes at the germinal vesicle stage indicates that DRAGON
expression is maternal (FIG. 8). Post-implantation mouse
embryos (>E7) also express DRAGON protein and mRNA
(FIGS. 8A and 8B). In E10.5 mouse embryos, DRAGON
expression is along the neural tube, in the dorsal root ganglia,
and, at maximum levels, in the tips of the neural folds and the
tail bud (FIG. 8C). The pattern of DRAGON expression is
similar to that of the BMP receptors, particularly the type I
receptors ALK3 and ALKS6, and the type II receptor BMPRII
(Dewulfetal., 1995; Soderstrom et al., 1996). The expression
of'the Xenopus orthologs of DRAGON and mRGM at difter-
ent developmental stages of Xenopus leavis embryos shows a
dorsal (e.g. roofplate) gradient-like pattern (FIGS. 8D and
8E) and is also consistent with that of members of the TGF-f
superfamily signaling pathway. These observations prompted
us to investigate if DRAGON contributes to or modulates
TGF-f superfamily signal transduction.

DRAGON Enhances BMP but not TGF-fi Intracellular Sig-
naling

In order to investigate the effect of DRAGON on BMP
signaling, a BMP-responsive luciferase reporter construct
(BRE-Luc; Korchynskyi et al., 2002) was transfected, with or
without a DRAGON expression construct, into LLC-PK1
(kidney epithelial cell line), HepG2, or 10T1/2 cells. Stimu-
lation of the LLLC-PK1 cells with BMP2 (50 ng/ml) caused a
4-fold increase in luciferase activity compared to control
(FIG. 9A). This effect was mimicked by the co-transfection
and expression of DRAGON, in the absence of exogenous
BMP-2.

The stimulatory effect of DRAGON was not observed for
all TGF-p ligands. LLC-PK1 cells were transfected with a
TGF-B-responsive luciferase reporter construct ((CAGA)12-
MLP-Luc; Dennler et al., 1998). These cells demonstrated a
12-fold increase in luciferase activity upon stimulation with
10 ng/ml TGF-p1, but no effect was observed following the
co-transfection of DRAGON without TGF-p1 stimulation
(FIG. 9A). Expression of ‘DRAGON in transfected LLC-
PK1 cells was confirmed by Western blot (data not shown).

To assess whether DRAGON expression dynamically
regulates BMP signaling, LL.C-PK1 cells were co-transfected
with the BRE-luc reporter construct and increasing amounts
of a DRAGON cDNA expression vector (2 and 20 ng).
Enhanced luciferase expression was measured following
BMP2 stimulation of DRAGON-expressing cells compared
to the untransfected controls. Specifically, 50 ng/ml BMP2
induced a 14-fold increase in luciferase activity in DRAGON
co-transfected cells compared to a 6-fold increase in the
absence of DRAGON (FIG. 9B).

In order to confirm the effect of DRAGON on BMP-de-
pendent signaling, 10T1/2 and HepG2 cells were transfected
with a luciferase reporter gene under the control of another
BMP-responsive promoter, Msx2-Luc. Confirming the pre-
vious studies, co-expression of DRAGON induced a 4-fold
increase in BMP-dependent signaling in the absence of an
exogenously added BMP ligand (FIG. 9B). BMP signaling in
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DRAGON-expressing cells was increased 8-fold at a very
low dose (50 pM) of exogenous BMP2 (FIG. 9B).

Results from the 10T1/2 and HepG2 cells also confirm that
the effect of DRAGON is specific to BMP signaling. Co-
transfection of DRAGON with luciferase constructs respon-
sive to TGF-f, Activin, or GDF8-induced signaling did not
induce reporter gene expression, alone or in a ligand-depen-
dent manner (FIG. 9C and data not shown). These data dem-
onstrate that DRAGON expression activates BMP but not
TGF-f signaling and that DRAGON enhances ligand-medi-
ated BMP signaling.

DRAGON Binds to BMP Type [ and BMP Type H Receptors

The previous studies demonstrate that DRAGON enhances
BMP-mediated signaling, but do not give an indication
whether the effect occurs through a direct modulation of BMP
receptors or thought an independent receptor pathway that
converges on the Smad. To explore these possibilities we
investigated first whether DRAGON interacts directly with
BMP receptors, second, the mechanism by which DRAGON
activates BMP signaling, and third, whether DRAGON binds
to members of the TGF-f} superfamily.

To test whether DRAGON interacts with BMP receptors,
DRAGON was co-transfected with type 1 or type 1I BMP
receptors. The physical interaction between the receptors and
DRAGON was studied by immunoprecipitation using an
anti-DRAGON antibody and probing with anti-ALK receptor
antibodies tagged with a detectable HA. Immunoprecipitates
from doubly transfected HEK 293 cells demonstrate that
DRAGON interacts with ALK2, ALK3 and ALK6 (FIG.
10A). BMPRIIA and BMPRIIB also interact with DRAGON
when coexpressed in HEK cells (FIG. 10A). These data indi-
cate that DRAGON has the ability to physically interact with
both BMP type I and type I receptors.

Dominant negative isoforms of the BMP type 1 receptor
ALK6 and the intracellular effector Smadl were each
cotransfected with DRAGON to confirm that DRAGON’s
action occurs via the classical BMP signaling pathway (FIGS.
10B and 10C). The dominant negative ALK6-KR mutant is
deficient in kinase activity and unable to phosphorylate the
Smads (Faber et al., 2002). Co-expression of DRAGON with
ALK6-KR abolished the DRAGON-mediated induction of
BMP-luciferase activity (FIG. 8B). Similarly, co-expression
of DRAGON with a Smadl dominant negative mutant that
lacks the carboxy-terminal phospho-acceptor domain (Shi et
al., 2003) reduced dose dependently DRAGON-induced sig-
naling to baseline levels, whereas co-expression of wild type
Smad1 enhanced this signaling (FIG. 10C). These data indi-
cate that DRAGON binds to BMP receptors and utilizes the
Smad effectors to activate and enhance the BMP-signal trans-
duction pathway.

DRAGON Enhances BMP Signaling in a [Ligand-Dependent
Manner

The expression of DRAGON, in the absence of a BMP
ligand, leads to activation of BMP signaling (FIG. 9A). Like-
wise, DRAGON enhances BMP-dependent gene expression
in the presence of BMP ligand. To further study the contribu-
tion of DRAGON to the BMP signaling cascade, DRAGON-
activated signaling was measured in the presence of the well
documented BMP antagonist noggin (Balemans et al., Dev.
Biol. 250: 231-250, 2002). When added to HepG2 cells,
noggin inhibited DRAGON or BMP2 induced activation of
the BRE-Luc reporter gene construct in a dose dependent
manner (FIG. 11A), buthad no effect on activin stimulation of
the CAGA reporter construct (data not shown). Furthermore,
equal doses of follistatin, sufficient to block activin activity,
had no significant effect on DRAGON or BMP2 activity in
the BRE-Luc-expressing cells (FIG. 11B), demonstrating
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that the noggin effect on DRAGON signaling is specific.
These results also suggest a role for endogenous BMP type
ligand(s) in this system.

Noggin is known to exert its inhibitory effect on BMP
signaling through a direct binding and neutralization of the
BMP ligands. The possibility of a direct interaction between
noggin and DRAGON was assessed in order to evaluate nog-
gin’s effect on DRAGON-enhanced signaling. Increasing
amounts of the purified soluble fusion protein DRAGON-Fc
(Samad et al., 2004) were incubated with a fixed amount of
radio-labeled ['*°I]-noggin followed by co-precipitation with
protein A. No significant interaction between ['*°I]-noggin
and the DRAGON-Fc could be detected when compared to
no-protein controls (FIG. 11C). An anti-noggin antibody, as a
positive control, detected substantial quantities of [ ***I]-nog-
gin, demonstrating that the labeled noggin was intact (FIG.
11C). These results were confirmed in a similar assay using
COS-7 cells in which no significant association between the
two molecules was observed (FIG. 11D). These observations
prove that noggin does not directly bind to DRAGON and that
the DRAGON-mediated activation of BMP signaling is
ligand dependent.

DRAGON Binds to BMP but not TGF-f Ligands

HEK 293 cells were transiently transfected with the
DRAGON expression construct, and the binding of either
[**°1]-BMP2 or [***I]-TGF-f to the transfected cells was
determined. As shown in FIG. 12A, [***1]-BMP2 affinity-
labeled the DRAGON-expressing cells, but ['2°T]-TGF-f did
not. Hemaglutinin-tagged ALK6 (a BMP type I receptor) and
TGF-f receptor type 1I (TPRII) expression constructs were
used as positive controls for ['2°I]-BMP2 or ['*°I]-TGF-pB
binding, respectively. Immunoprecipitation using an anti-HA
antibody confirmed binding of BMP2 and TGF-p to ALK6
and TPRII respectively (FIG. 12A).

The binding affinity of the soluble DRAGON-Fc fusion
protein (Samad et al., 2004; Del Re et al., 2004) to [**’I]-
BMP2 was studied in the presence of increasing amounts of
unlabeled BMP2 (FIG. 12B). DRAGON-Fc binds [**’I]-
BMP2 with high affinity and an apparent dissociation rate
constant (Kd) of 1.5 nM (FIG. 12B). The binding of [***1]-
BMP2 to DRAGON was inhibited by the addition of excess
unlabeled BMP2 as well as unlabeled BMP4 (4 nM) (FIG.
12C). However, the BMP2-DRAGON interaction was not
disrupted by 4 nM BMP7, or 1 nM Activin A, TGF-f1,
TGF-B2, or TGF-B3 (FIG. 12C).

To further confirm the ability of DRAGON to bind to
BMP2 and BMP4, we tested whether increasing amounts of
exogenous DRAGON-Fc can competitively inhibit BMP-
mediated signaling. Pretreatment of HEK 293 cells with
increasing doses of DRAGON-Fc (60 and 300 ng/ml) leads,
in a dose dependent manner, to a reduction of BMP2 mediated
activation of BRE-Luc promoter as assessed by luciferase
activity (FIG. 12D). However, as predicted from the binding
experiments, DRAGON-Fc was not able to compete and
inhibit BMP7 or TGF-f1 signaling (CAGA-Luc promoter
was used to assess TGF-f signaling; FIG. 12E).

These data indicate that DRAGON interacts with members
of'the BMP ligand family and with BMP receptors to enhance
intracellular BMP signaling. Because DRAGON binds both
the BMP ligands and receptors, it is therefore a component of
the BMP receptor complex.

DRAGON Enhances BMP Signaling when Expressed Only
on the Cell Surface

As described above, DRAGON is normally a membrane
bound protein. To test whether membrane anchoring is essen-
tial to its effect on BMP signaling, a DRAGON-Fc construct
was created in which the C-terminal GPI anchor was deleted
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and replaced by the human Fc domain. When expressed, the
DRAGON-Fc¢ was secreted into the culture medium, whereas
wild-type DRAGON is directed (at least in part) to the plasma
membrane. The DRAGON-Fc¢, when co-transfected with the
BRE-Luc reporter construct, failed to enhance BMP signal-
ing (FIG. 13A). The expression of both DRAGON and
DRAGON-Fc¢ was confirmed by Western blot (FIG. 13B).
Thus, these results demonstrate that, in order for DRAGON to
function as a cell surface co-receptor for BMPs, it must be
inserted into the plasma membrane. FIG. 14 conceptually
outlines the location and function of DRAGON as a BMP
co-receptor.

DRAGON Enhances BMP Signaling in Xeropus Embryos

Genetic evidence has shown that members of the BMP
ligand family play pivotal roles in the gastrulation of mouse
embryo, a process that lays down the future body plan (Lu et
al. 2001). BMPs regulate the proliferation, survival, and pat-
terning of the epiblast; the induction of primordial germ cell
precursors; and formation of the mesoderm (Mishina et al.
1995; Winnier et al. 1995; Lawson et al. 1999). Mutant
embryos deficient in BMP4 or BMPRIA are blocked at the
beginning of gastrulation, and fail to form mesoderm (Ying
and Zhao 2001). BMPs were also shown to be involved in
endoderm formation (Kondoh et al., 2003). In order to inves-
tigate the contribution of DRAGON expression to BMP sig-
naling and function in vivo, mDRAGON was expressed in
Xenopus embryos and the expression of inesodermal and
endodermal markers was assessed.

Mouse DRAGON mRNA was injected into Xenopus
embryos at gastrula stages to investigate whether DRAGON
alters BMP signaling, by measuring its interaction with
Smadl. DRAGON co-expression with Smadl led to induc-
tion of mRNA for the pan-mesodermal marker Xbra and two
endodermal markers mix 1 and mixer mRNAs (FIG. 15A). At
the doses used, DRAGON or Smadl alone did not signifi-
cantly induce expression of these markers (FIG. 15A). The
reduction in the activity threshold of Smadl by DRAGON is
compatible with an enhancement in BMP signaling, as
detected in the cell based assays.

DRAGON Regulates Neural Induction in Xeropus Embryos

In order to determine whether DRAGON affects cell dif-
ferentiation and early embryonic development, DRAGON
was injected into one cell at the animal pole of Xeropus
embryos at the 2-cell stage. Embryos were allowed to develop
until early tadpole stages. By injecting one out of two cells, a
control side and an experimental side are present in the same
embryo. A variety of markers were measured, including twist
(expressed in anterior neural crest cells) and N-tubulin (a
general neuronal differentiation marker), to determine
whether DRAGON affects early neural patterning. Ectopic
DRAGON caused a decrease in neural crest derivatives, as
shown by loss of twist expression (FI1G. 15C, top panels) and
an increase in neuronal markers (FIG. 15C, bottom panels).

In ectodermal explant assays, DRAGON induced anterior
neural markers (FIG. 15B). Nrp1 is a pan-neural marker, Otx2
is expressed within the forebrain and midbrain regions, and
XAG is expressed in the cement gland (the most anterior
structure in the tadpole). In addition, DRAGON induced
nkx2.5, an early marker of cardiac development.

DRAGON Promotes Neuronal Survival

The anti-DRAGON polyclonal antibody was added to neo-
natal rat DRG neuronal cultures to investigate the contribu-
tion of DRAGON to neuronal survival. Neuronal cultures
were treated with 0.25% anti-DRAGON serum, 0.25% pre-
immune serum (negative control), or vehicle. A statistically
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significant 20-25% increase in neuronal cell death was mea-
sured following anti-DRAGON treatment compared to con-
trols.

0.25% 0.25% Vehicle
anti-DRAGON  pre-immune Control
serum serum (no serum)
% viable neurons (mean) 41.8% 55.3% 51.8%
Standard Error (S.E.) 1.7% 2.3% 2.5%
Number of isolated 12 12 11

DRG cultures (1)

Localization and Action of DRAGON (Repulsive Guidance
Molecule b) in the Reproductive Axis

The importance of DRAGON in reproduction is indicated
by its pattern of expression in reproductive tissues. Mamma-
lian reproduction is regulated by endocrine hormones such as
pituitary FSH and LH as well as by locally produced growth
factors, including TGF-f superfamily members activin,
inhibin, and bone morphogenetic proteins (BMPs) (Welt et
al., Exp Biol Med (Maywood) 227:724-752, 2002). BMPs
were originally identified by their ability to induce bone and
cartilage formation (Wozney et al., Science 242:1528-1534,
1988). However, numerous studies have revealed that BMPs
have a wide variety of effects on many cell types, including
monocytes and epithelial, mesenchymal, and neuronal cells,
and play pivotal roles in cytodifferentiation, morphogenesis,
and organogenesis (Kawabata et al., Cytokine Growth Factor
Rev 9:49-61, 1998). Members of the TGF-superfamily,
including BMPs, transduce their signals through binding to
type I and II serine/threonine kinase receptors. BMP signal-
ing is mediated intracellularly by the phosphorylation of
receptor-activated Smads (R-Smads) 1, 5, and 8. Activated
R-Smads complex with the common partner Smad 4 and
translocate to the nucleus where they initiate BMP-stimulated
alterations in target gene expression. Signaling of TGF-su-
perfamily members including BMPs is also modulated by
soluble extracellular proteins such as noggin, chordin, and
gremlin. In addition, membrane-associated proteins, includ-
ing betaglycan (TGF-type I1I receptor), endoglin, and crypto
are also critical for assisting with ligand binding to receptor or
for altering receptor specificity (reviewed in Massague et al.,
Genes Dev 14:627-644, 2000; Shi et al., Cel/ 113:685-700,
2003; Derynck, R. Zhang Y E, Nature 425:577-584, 2003).

The mRNAs encoding BMP2, 3, 3b, 4, 6, 7, and 15 have
been identified in mammalian ovaries. Moreover, BMP
receptors BMPRIA, 1B, and II are widely expressed in the
ovary, with the strongest expression in the granulosa cells and
oocytes of developing follicles in normally cycling rats (Shi-
masaki et al., Proc Natl Acad Sci USA 96:7282-7287, 1999,
Shimasaki et al., Endocr Rev 25:72-101, 2004). BMPs and
their receptors are also expressed in uterine stroma and glan-
dular epithelium (Erickson G F et al., J Endocrinol 182:203-
217, 2004). In males, BMP2, BMP4, and BMP8A and
BMP8B are expressed in germ cells, and BMP4, BMP7, and
BMPS8A are expressed in the epididymis (reviewed in Shi-
masaki et al., Endocr Rev 25:72-101, 2004). Moreover, mice
deficient in BMP4, BMPSA, or BMP8B show germ cell
degeneration in the testis and/or epithelial cell degeneration
in the epididymis (Hu et al., Dev Biol 276:158-171, 2004;
Zhao et al., Genes Dev 10:1657-1669, 1996; Zhao et al.,
Development 125:1103-1112, 1998). Together, these results
suggest that BMPs may play important roles in regulating
reproduction.

DRAGON was identified through a genomic screening
strategy for genes regulated by DRG11, a homeobox tran-
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scription factor that is expressed in embryonic dorsal root
ganglion (DRG) (Samad et al., J Neurosci 24:2027-2036
2004). Independently, this gene was also cloned as RGMb,
one of three mouse homologues of the chicken repulsive
guidance molecule (RGM) (Schmidtmer et al., Gerne Expr
Patterns 4:105-110 2004). The DRAGON gene encodes a
436-amino-acid glycosylphosphatidylinositol  (GPI)-an-
chored protein, suggesting it may be associated with lipid
rafts within the plasma membrane. Indeed, adhesion of DRG
neurons to HEK293 cells was increased after transfection of
HEK293 cells with DRAGON cDNA (Samad et al., J Neu-
rosci 24:2027-2036 2004). DRAGON is expressed in a num-
ber of neural tissues including embryonic and adult mouse
DRGs, spinal cord, and brain (Samad et al., J Neurosci
24:2027-2036 2004, Niederkofler et al., J Neurosci 24:808-
818 2004; Oldekamp et al., Gene Expr Patterns 4:283-288;
2004). Interestingly, DRAGON is also involved in BMP sig-
naling because 1) injection of DRAGON mRNA into Xero-
pus embryos induced expression of a number of BMP-regu-
lated genes, 2) DRAGON binds directly to BMP2, BMP4,
and BMP receptors, and 3) transfection of DRAGON cDNA
into BMP-responsive cells enhances transcription of a BMP-
responsive reporter (Samad et al., J Biol Chem 280:14122-
14129, 2005). These observations indicate that DRAGON
acts as a BMP coreceptor that regulates cellular response to
BMP signals.

To understand the potential role of DRAGON in BMP
signaling within the reproductive tissues, DRAGON expres-
sion in murine reproductive tissues and cell lines was exam-
ined. DRAGON is expressed and dynamically regulated in
gonadal germ cells and in epithelial cells of the reproductive
tract including epididymis and uterus. DRAGON is also
expressed in the pituitary. As predicted from its being
anchored to the cell membrane by a GPI anchor, DRAGON is
indeed localized in lipid rafts where it enhances BMP2 and -4
signaling. The overlapping expression and function of BMPs
in the reproductive system indicates that DRAGON plays an
important role in reproduction through enhancement of BMP
signaling.

Expression of DRAGON mRNA in Reproductive Organs

DRAGON expression in mouse reproductive tract tissues
was examined by RT-PCR (FIG. 25). DRAGON mRNA was
detected in the testis, epididymis, and seminal vesicles in
males and in the ovary, uterus, and pituitary in females.
Cellular Localization of DRAGON in the Testis and Epididy-
mis

Immunohistochemical analyses of d1 and 3 mouse testes
showed that DRAGON was localized to gonocytes both in the
center and at the basement membrane of seminiferous tubules
(FIGS. 26A, a and b). In testes from d9 mice, spermatogonia
at the basement membrane were positive for DRAGON
expression (FIG. 26A, c¢). However, DRAGON staining in
spermatogonia became much weaker in testes from 21 d-old
mice (FIG. 26A, d). Interestingly, a few gonocytes, which
remain in the central region of the tubules from d21 testes,
were strongly stained with DRAGON (FIG. 26A, d). Some
interstitial cells showed weak staining in d1 testes (FIG. 26A,
a), but no staining was observed in interstitial cells in older
testes. In adult (d60) testis, DRAGON was expressed in sper-
matocytes and round spermatids, whereas spermatogonia and
Sertoli cells did not appear to express DRAGON (FIGS. 26 A,
e and f). The staining in gonocytes, spermatogonia, and sper-
matocytes was completely abolished when the antiserum was
preincubated with the competing immunizing peptide, dem-
onstrating the specificity of the antiserum (FIG. 26A, g and
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h). DRAGON expression in spermatocytes and round sper-
matids from adult testes was confirmed by in situ hybridiza-
tion (FIG. 26C).

Spermatocytes of d21 testes were not stained with
DRAGON antibody, whereas those cells of adult testes were
strongly stained (FIG. 26A, d and e). Interestingly, DRAGON
was highly expressed in spermatocytes of testes collected
after 2 d of PMSG administration to 19 d-old mice (FIG.
26B), suggesting that DRAGON expression levels are hor-
monally regulated.

In d3 epididymis, DRAGON protein was found on both the
apical and basal sides of epithelial cells with staining in the
apical side stronger compared with the basal side. DRAGON
staining was stronger in caudal than in caput or corpus epid-
idymis of 3 d-old mice (FIG. 26D, a-c). In contrast,
DRAGON expression was primarily localized to the apical
side of epithelial cells of adult epididymis, and it appeared
that DRAGON was more highly expressed in caput or corpus,
compared with caudal epididymis (FIG. 26D, d-f). These
results suggest that DRAGON may be involved in regulation
of spermatogenesis and epididymal epithelial function.
Cellular Localization of DRAGON in the Ovary and Uterus

Within the adult mouse ovary, DRAGON protein was
detected exclusively within oocytes (FIG. 27A, a, b, and d)
and was more intense in oocytes from secondary follicles
compared with antral follicles (FIG. 27A, a). In contrast, no
DRAGON staining was found in oocytes of primordial (FIG.
27A,b) orprimary (FIG. 27A, c) follicles, nor in somatic cells
of any follicles (FIG. 27A). In atretic follicles, oocytes
showed weak DRAGON staining (FIG. 27A, d). There was no
staining of the ovarian surface epithelium (FIG. 27A, b-d).
Oocyte staining was completely blocked by preincubating
antiserum with competing immunizing peptide (FIG. 27A, e).
In d9 ovaries, DRAGON staining was detected only in the
oocytes of secondary follicles but not in the primordial or
primary follicles (FIG. 27A, ). PMSG treatment had no
effect on DRAGON staining in oocytes (data not shown).

Consistent with immunostaining, DRAGON mRNA, as
detected by in situ hybridization, was stronger in oocytes
from secondary follicles (FI1G. 27B, arrows) compared with
antral (FIG. 27B, arrowheads) follicles and was undetectable
in oocytes from primary follicles (FIG. 27B, triangle).
DRAGON mRNA was not detectable in ovarian somatic
cells. These results suggest that DRAGON regulates the
development of oocytes and follicles by influencing the inter-
action between the oocyte and granulosa cells.

In the uterus, DRAGON protein was expressed in luminal
and glandular epithelial cells of the endometrium (FIG. 27C,
a and b). Weak staining was also found in circular muscle
(FIG. 27C, a). Localization of DRAGON in the luminal and
glandular epithelial cells indicate that DRAGON may also be
required for normal endometrial function.

Cellular Localization of DRAGON in the Pituitary

Sporadic staining was observed in both the anterior and
posterior lobes of the pituitary, whereas no staining was
detected in the intermediate lobe (FIG. 28A). BMPs and their
receptors are expressed in mouse pituitary gonadotropes and
in the LBT2 gonadotrope cell line (Paez-Pereda et al., Proc
Natl Acad Sci USA 100:1034-1039, 2003; Otsuka et al., J Bio/
Chem 276:11387-11392, 2001), and BMPs can stimulate
FSH biosynthesis (Huang et al., Erndocrinology 142:2275-
2283, 2001). To examine whether FSH-expressing gonadot-
ropes also express DRAGON, frozen pituitary sections were
dual labeled with DRAGON and FSH antibodies. FSH-ex-
pressing cells indeed overlapped extensively, albeit not com-
pletely, with DRAGON-expressing cells (FIG. 28B). Inter-

10

15

20

25

30

35

40

45

50

55

60

65

24

estingly, LPT2 cells also express DRAGON (FIG. 29A).
DRAGON may therefore influence BMP-mediated FSH bio-
synthesis in vivo and in vitro.
DRAGON Expression in Cell Lines of the Reproductive Axis

Screening cell lines originating from reproductive organs
(FIG. 29A) indicated that DRAGON was expressed in Hela
(cervical carcinoma), MCF-7 (breast carcinoma), LBT2 (pi-
tuitary carcinoma), JEG3 (placenta carcinoma), and Ishikawa
(endometrium adenocarcinoma) cells. In contrast, DRAGON
mRNA was undetectable in S4 spermatogonial cells (Feng et
al., Science 297:392-395, 2002) or KGN granulosa tumor
cells (Nishi et al., Endocrinology 142:437-445, 2001).
Lipid Raft Localization of DRAGON

To explore the location of DRAGON on the cell surface
using Ishikawa cells, live cells were incubated with
DRAGON antibody at 4° C., fixed, and processed for immu-
nocytochemistry. DRAGON has a punctate pattern on the cell
membrane, typical of lipid raft proteins (FIG. 29B).
DRAGON localization within membrane subdomains was
then characterized by extracting cells on ice in the presence of
1% Triton X-100 and then subjecting the cells to sucrose
gradient ultracentrifugation. As expected, DRAGON was
detected primarily within the low-density fractions (FIG.
29C; fractions 2 and 3), along with caveolin-1, which is
typically associated with lipid rafts. The high-density frac-
tions, which include cellular and cytoskeletal proteins (frac-
tions 6-9), contained [-actin, some caveolin-1, and a small
amount of DRAGON. Thus, DRAGON is located within lipid
rafts in Ishikawa cells.
DRAGON Enhances Signaling of BMP2 and BMP4

DRAGON is expressed in gonadal germ cells and in repro-
ductive tract epithelial cells. Moreover, we have shown that
DRAGON enhances the BMP2 response in the HepG2 liver
cell and LL.C-PK1 kidney cell lines (Samad et al., J Bio/
Chem 280:14122-14129, 2005). To examine whether
DRAGON has a similar role in reproductive cells, Ishikawa
and KGN cells were transfected with DRAGON cDNA
together with BRE-Luc, a BMP-responsive luciferase
reporter construct. DRAGON dose-dependently increased
BRE luciferase activity in both Ishikawa and KGN cells in the
absence ofadded BMPs (FIG. 30A). DRAGON induces simi-
lar reporter activity in both cell lines at lower doses (e.g.,
0.1-10 ng), and a greater effect was seen in Ishikawa cells at
higher doses. Although DRAGON protein was undetectable
in Ishikawa cells before transfection, DRAGON was detect-
able after transfection with 100 ng cDNA (FIG. 30A, inset),
indicating that the effects of transfected DRAGON are medi-
ated by an increase in DRAGON protein. Treatment of Ish-
ikawa cells with noggin-containing conditioned medium
(100 ng/ml) resulted in partial inhibition of DRAGON-de-
pendent BRE-Luc activity and completely inhibited signaling
by BMP2 (10 ng/ml) (FIG. 30B). Conditioned medium from
mock-transfected HEK293 cells had no inhibitory activity
(FIG. 30C), indicating that the BMP-inhibiting activity in the
noggin-conditioned medium was caused by noggin itself,
also indicating that the effect of DRAGON on BMP reporter
activity is dependent on endogenous ligand. The effect of
DRAGON on BMP signaling in the presence of added BMP
ligands was examined next. Ishikawa cells were transfected
with DRAGON ¢DNA and treated with increasing doses of
BMP ligands. DRAGON significantly increased BMP2 sig-
naling at 11-700 pm BMP2 doses (P<0.05), but had no effect
at 2800 pm (FIG. 30D). Thus, at lower BMP2 doses (i.e., 11
or 44 pm), DRAGON transfection resulted in detectable
reporter activity that is not seen in the absence of DRAGON
(FIG. 30D). Similar results were observed with BMP4 and in
KGN cells (data not shown). DRAGON thus increases sen-
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sitivity of BMP-responsive cells to low concentrations of
endogenous or exogenous BMP ligands.

DRAGON is also expressed in many specific cell types
throughout the reproductive system. DRAGON is also
expressed in numerous cell lines derived from reproductive
tissues, and DRAGON expression enhances responsiveness
of Ishikawa and KGN cells to BMP2 and BMP4. DRAGON
therefore has important roles in mediating BMP signaling in
reproduction. To define specific sites where DRAGON-me-
diated BMP signaling is important in reproduction, cell-spe-
cific expression in the male and female reproductive tracts
were explored. In males, BMP8a and BMPS8b are expressed in
maturing spermatocytes, and BMP8b knockout males are
infertile because of developmental arrest and degeneration of
spermatocytes (Zhao et al., Genes Dev 10:1657-1669, 1996;
Zhao et al., Development 125:1103-1112, 1998), suggesting
that these BMPs are critical for normal spermatocyte devel-
opment. BMP receptors ALK3 and BMPR-II are localized in
postnatal spermatogonia, and BMP4 is produced by Sertoli
cells very early in postnatal development, consistent with an
ongoing requirement for BMP signaling in the testis (Pelle-
grini et al., J Cell Sci 116:3363-3372, 2003). In addition,
BMP2 primarily stimulates spermatogonial proliferation,
whereas BMP7 acts mainly on Sertoli cells in the testis from
7 d-old mice (Puglisi et al., Fur J Endocrinol 151:511-520,
2004). Our results extend these findings to a novel BMP
coreceptor that enhances BMP signaling, because in 3 d-old
male mice, DRAGON was highly expressed in gonocytes
before and after they migrated from the tubule lumen to their
basal position, with this immunoreactivity being maintained
as spermatogonia in d9 animals. By d21, staining in sper-
matogonia was substantially diminished, but gonocytes
remaining within the tubule lumen were still positive. In
adults, DRAGON staining appeared in maturing spermato-
cytes but not in other testicular cell types. The shift in expres-
sion from gonocytes and spermatogonia in juvenile animals
to spermatocytes in mature males suggests that the role of
BMPs may change as the testes mature to produce active
sperm. Taken together, these results indicate a critical role for
BMPs in regulating testis development and spermatogenesis
and indicate that DRAGON is an important mediator of these
processes.

BMP4, BMP7, and BMP8A are expressed in the epididy-
mis, and knockout of each gene by itself resulted in degen-
eration of the epididymal epithelium (Hu et al., Dev Biol
276:158-171, 2004; Zhao et al., Genes Dev 10:1657-1669,
1996; Zhao et al., Development 125:1103-1112, 1998), indi-
cating that BMPs are involved in epididymal function. Inter-
estingly, DRAGON was strongly expressed on the apical
surface of polarized epididymal epithelium in immature and
mature males consistent with a role for DRAGON in enhanc-
ing this essential BMP signaling.

In females, both BMPs and their receptors have been iden-
tified in numerous ovarian cell types, including oocytes and
granulosa cells (Shimasaki et al., Endocr Rev 25:72-101,
2004). In vitro studies have demonstrated that BMP2, 4,6, 7,
and 15 regulate granulosa cell functions, and BMP4 and 7
promote the primordial-to-primary follicle transition during
follicle maturation (reviewed in Shimasaki et al., Endocr Rev
25:72-101, 2004). The significance of BMP signaling in ova-
rian function is also underscored by the altered ovulation rates
in Inverdale sheep with a natural point mutation in the BMP15
gene (Galloway et al., Nat Genet 25:279-283, 2000) and in
Booroola sheep with a point mutation in the BMPRIB gene
(Fabre et al., J Endocrinol 177:435-444,2003). In the ovary,
DRAGON is expressed exclusively in oocytes and most
prominently in oocytes within secondary follicles. This is a
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time of oocyte growth and cytoplasmic maturation (Eppig et
al., Reprod Fertil Dev 8:485-489, 1996), suggesting that BMP
signaling in general, and DRAGON enhancement of this
signaling in particular, is important for growth and maturation
of oocytes.

BMP signaling components are expressed in a variety of
cells within the rat uterus (Erickson et al., J Endocrinol 182:
203-217, 2004). BMP2 mRNA is restricted to periluminal
stroma, and BMP7 is expressed in periluminal stroma and
glandular epithelial cells, whereas BMP4 and BMP6 are
expressed in blood vessels in the uterus. BMPRIA, BMPRIB,
and BMPRII are expressed in a number of cell types in the
uterus including luminal and glandular epithelial cells.
DRAGON is expressed in luminal and glandular epithelial
cells of the mouse endometrium, suggesting that DRAGON
may enhance BMP signals involved in regulating uterine
maturation in preparation for implantation.

BMP2, 4,6,7,and 15 are expressed in mouse pituitary, and
BMP6, 7, and 15 have been shown to stimulate FSH synthesis
and secretion (Paez-Pereda et al., Proc Natl Acad Sci USA
100:1034-1039, 2003; Huang et al., Endocrinology 142:
2275-2283, 2001; Otsuka et al., Endocrinology 143:4938-
4941, 2002). BMP6 and BMP7 can also stimulate FSH
mRNA biosynthesis in L T2 mouse pituitary cells in culture
(Huang et al., Enrdocrinology 142:2275-2283, 2001).
DRAGON expression in LBT2 cells as well as in numerous
cells within the mouse pituitary, some of which also stained
for FSH, can be observed. BMPs may therefore act in an
autocrine manner to modulate FSH biosynthesis and
DRAGON may enhance this process.

In cell culture studies using cell lines from the reproductive
tract, DRAGON expression enhanced the response to endog-
enous BMP ligand as well as low doses of exogenous BMP2
and BMP4, results that agree with our observations in nonre-
productive cell lines (Samad et al., J Biol Chem 280:14122-
14129, 2005). Immunocytochemical analysis indicates that
DRAGON is located on the plasma membrane in discrete
patches, consistent with its belonging to the class of GPI-
anchored proteins that are known to localize in lipid rafts
(Fullekrug et al., Ann NY Acad Sci 1014:164-169, 2004).
Moreover, our work indicates that DRAGON can interact
directly with BMPRII, ActRIL, and the Alk3 and Alk6 type |
receptors (Samad et al., J Biol Chem 280:14122-14129,
2005). Taken together, these results provide a model for
enhanced BMP signaling in which DRAGON acts as a BMP
coreceptor in collecting type II and type I receptors into lipid
rafts where they are optimized to respond to low doses of
BMP ligands. Because DRAGON can bind BMP2 and BMP4
directly, DRAGON may act to stabilize the ligand-receptor
complex in lipid rafts, thereby facilitating endocytosis and
signaling. Of course, these two possibilities are not mutually
exclusive. Based on the localized expression of DRAGON in
developing and maturing germ cells, as well as specific epi-
thelial cells within the reproductive tract that are known to be
BMP responsive, BMPs may therefore play an important role
in regulating reproduction in mammals and that this role may
be regulated by DRAGON.

Experiments related to DRAGON’s role in reproduction
were carried out as follows.

Animals

Mice [B6C3F1 (C57B1/6xC>H)] were maintained in the
animal barrier facility and killed at different ages to collect
tissues for immunohistochemistry and RNA extraction. In
addition, mice at 19 d of age were injected with pregnant mare
serum gonadotropin (PMSG; ip, 5 [U/mouse; Sigma Chemi-
cal Co., St. Louis, Mo.), and killed 48 h later to collect gonads
for immunohistochemistry.



US 9,249,454 B2

27
RT-PCR

Total RNA was extracted from tissues stored in RNAlater
(Ambion, Austin, Tex.) or cells stored in Trizol (Life Tech-
nologies, Inc., Carlsbad, Calif.) according to the manufactur-
er’s protocol. Total RNA (0.5-1.0 ng) was reverse transcribed
as previously described (Sidis et al., Bio/ Reprod 59:807-812,
1998). Aliquots (2 pl) of first-strand cDNA mix were used in
PCR (35 cycles) to amplify DRAGON and p-actin. The prim-
ers, which amplify both human and mouse DRAGON cDNA,
were TGT TCC AAG GAT GGA CCC ACA TC (forward;
SEQ ID NO:14) and GCA GGT CAT CTG TCA CAG CTT
GG (reverse; SEQ ID NO:15).

Immunohistochemistry and Immunocytochemistry

A rabbit polyclonal antibody was raised against a peptide
corresponding to the C terminus of DRAGON upstream of'its
GPI anchor. This antibody has been shown to specifically
recognize DRAGON protein (Samad et al., J Neurosci
24:2027-2036 2004).

Immunohistochemistry on paraffin sections were per-
formed as previously described (Xia et al., Mol Endocrinol
18:979-994, 2004). Briefly, ovaries were fixed in Bouin’s
solution, and other organs were fixed in 4% paraformalde-
hyde. Antigen retrieval was performed on paraffin sections in
0.01 m citrate buffer (pH 6.0). Tissue sections were incubated
overnight with anti-DRAGON (1:4000), washed, incubated
for 1 h with biotinylated goat antirabbit IgG and then 30 min
with Vectastain Elite ABC (Vector Laboratories, Inc., Burl-
ingame, Calif.), and developed with diaminobenzidine
(DAB) for detection (ICN Biomedical, Inc., Aurora, Ohio).
Sections were then counterstained with Harris” hematoxylin.

To colocalize DRAGON and FSH in the pituitary, mouse
pituitaries were fixed in 4% paraformaldehyde at 4° C. over-
night, cryoprotected in 30% sucrose overnight, and frozen in
Tissue-Tek OCT embedding compound (Electron Micros-
copy Sciences, Fort Washington, Pa.). Sections (12 um) were
incubated with a mixture of rabbit anti-DRAGON serum
(1:2000) and guinea pig antimouse FSH (1:1600, AFP-3080,
National Institute of Diabetes and Digestive and Kidney Dis-
eases, Bethesda, Md.) for 1 h, washed, and then with a mix-
ture of fluorescein isothiocyanate (FITC)-conjugated donkey
antirabbit IgG and tetramethyl rhodamine isothio-cyanate-
conjugated donkey anti-guinea pig IgG (diluted 1:200; Jack-
son ImmunoResearch Laboratories, Inc., West Grove, Pa.).

For immunocytochemistry, Ishikawa cells were grown on
glass coverslips. Live cells were incubated with anti-
DRAGON serum (1:2000) for 1 h on ice. Cells were then
fixed in 2% paraformaldehyde for 20 min. The bound anti-
bodies were detected by incubating with FITC-conjugated
donkey antirabbit IgG (diluted 1:200 in PBS) for 1 h. To
demonstrate specificity, the DRAGON antibody was prein-
cubated overnight with 10 mm immunization peptide before
being applied to sections or cells.

In Situ Hybridization

Air-dried frozen sections (14-18 um) were fixed in 4%
paraformal-dehyde-PBS, digested with proteinase K, acety-
lated, washed, and dehydrated. Antisense and sense cRNA
probes were prepared by means of in vitro transcription in the
presence of [a->>S]UTP, which were then hybridized in 50%
deionized formamide, 10 mm Tris/HCI (pH 7.6), 600 mm
NaCl, 0.25% SDS, 200 pg/ml yeast tRNA, 50 mm dithiothrei-
tol, 1Denhardt’s solution, and 10% dextran sulfate overnight
at 55° C. in a humidified chamber. After hybridization, the
sections were incubated with ribonuclease A and washed in
0.1 SSC containing 13-mercapto-ethanol (875 ul in 300 ml)
and 0.5 mm EDTA at 65° C. for 1 h. After developing, the
slides were counterstained with hematoxylin and mounted for
photography.
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Lipid Raft Protein Extraction

Lipid raft proteins were prepared after protocols previ-
ously described (20, 21). Briefly, Ishikawa cells were scraped
and pelleted in ice-old PBS, resuspended in 2 ml ice-cold
lysis buffer [10 mm Tris/HCI (pH 7.5), 150 mm NaCl, 1%
Triton X-100, 2 mm EDTA, and proteinase inhibitors], and
allowed to stand on ice for 30 min. The lysate was centrifuged
for 5 min at 1300 g to remove nuclei and large cellular debris.
The supernatant was mixed with an equal volume of 85%
sucrose in TBS [10 mm Tris/HCI (pH 7.5), 150 mm NaCl],
placed at the bottom of a 10-ml ultracentrifuge tube, and then
overlaid with 5 ml of 35% sucrose and 1.4 ml of 5% sucrose.
The sample was then centrifuged for 14 h at 150,000 g in a
SW41Ti rotor so that rafts could float to the tip while cytosk-
eletal and cytoplasmic proteins remain at the bottom. Five
fractions of 1 ml and four fractions of 1.35 ml were collected
from the top of the tube. The light-scattering band, an indi-
cator of the location of lipid rafts (Mukherjee et al., J Bio/
Chem 278:40806-40814, 2003), was located primarily in
fraction 2. These fractions were analyzed by trichloroacetic
acid precipitation of proteins from 100-0 aliquots followed by
SDS-PAGE and Western blotting.
Western Blotting

Western blotting analyses were performed as previously
described (Xia et al., Mol Endocrinol 18:979-994, 2004).
Briefly, samples from sucrose gradient fractions were sub-
jected to SDS-PAGE under reducing conditions, transferred
to a polyvinylidene difluoride membrane (Millipore, Bed-
ford, Mass.), blocked in 10% nonfat dry milk, and incubated
overnight at 4° C. with rabbit anti-DRAGON (1:4000) or
anti-caveolin-1 (1:2000; BD Biosciences, San Jose, Calif.)
antibodies. The membranes were washed three times before
being incubated for 2 h at room temperature with second
antibody, which was detected with enhanced chemilumines-
cence (ECL) Reagent Plus (PerkinElmer Life Sciences, Bos-
ton, Mass.). After exposure, membranes were stripped for 30
min at 50° C. and reprobed with a monoclonal (-actin anti-
body (1:1000; Santa Cruz Biotechnology, Santa Cruz, Calif.).
Transfection and Luciferase Assay

Ishikawa and KGN cells were maintained in TT medium
[1:1 mixture of DMEM and F-12, supplemented with 1%
1-glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin
sulfate, and 10% fetal bovine serum (Life Technologies, Inc.,
Rockville, Md.)]. To examine the effect of DRAGON on
BMP signaling, transfections were performed in 24-well
trays using Lipofectamine 2000 (Invitrogen, Carlsbad, Calif.)
with a total of 400 ng DNA [180 ng BRE-Luc, a BMP
response element kindly provided by Dr. ten Dijke (Korchyn-
skyi et al., J Biol Chem 277:4883-4891, 2002), 10 ng pRL-
TK, and the indicated doses of DRAGON cDNA and
pcDNA3]. Approximately 24 h after transfection, the
medium was replaced with serum-free TT medium supple-
mented with 0.1% BSA, with or without BMP ligands (R&D
Systems, Minneapolis, Minn.). After treating for 16 h, the
cells were lysed and assayed for luciferase activity using the
dual luciferase reporter assay kit (Promega, Madison, Wis.).

To obtain noggin protein for neutralization of endogenous
BMPs, the human noggin ¢cDNA (IMAGE clone 4737725
from American Type Culture Collection, Rockville, Md.) was
subcloned into pcDNA3 (Invitrogen) and transfected into
HEK-293-F suspension cultures in Freestyle serum-free
medium (Invitrogen) as previously described (Keutmann et
al., Mol Endocrinol 18:228-240, 2004). Concentrated condi-
tioned medium was calibrated by two independent methods
including 1) biological assay and 2) Western blotting. In the
biological assay, increasing amounts of noggin-conditioned
medium were mixed with 10 ng/ml BMP2 and used to treat
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HepG2 cells that were previously transfected with the BRE-
Luc reporter. At the effective concentrations for half-maximal
response (EC50), the amount of noggin in the culture medium
was equal to that of the BMP2 concentration, assuming molar
equivalent antagonism activity (Zimmerman et al., Tke Spe-
mann Cell 86:599-606, 1996). For the Western blotting analy-
sis, serial dilutions of noggin-conditioned medium were
resolved by 12% PAGE under reducing conditions and visu-
alized by staining with an antimouse noggin polyclonal anti-
body (R&D Systems). Noggin concentrations were estimated
at the detection limit dose according to the manufacturer’s
information. Both methods gave similar results. As a control,
concentrated conditioned medium from mock-transfected
HEK?293 cells was tested and determined to have no BMP-
inhibitory activity.

To demonstrate that Ishikawa cells transfected with
DRAGON cDNA actually produce DRAGON protein, trans-
fected cells were extracted in RIPA buffer [ 150 mm NaCl, 50
mm Tris (pH 7.5), 1 mm EDTA, 50 mm NaF, 0.5% Nonidet
P-40, 0.5% deoxycholic acid, and 0.1% SDS], and the lysates
were then analyzed by Western blotting for DRAGON as
described above.

Data Analysis

FIGS. 30A, 30C, and 30D depict the mean+SE of tripli-
cates from representative experiments. In vitro bioassay
experiments in the presence or absence of transfected
DRAGON (FIG. 30D) represents the mean SE of six deter-
minations from three independent experiments and were ana-
lyzed by two-way ANOVA. Differences between ligand
doses or between presence and absence of DRAGON were
identified by Student-Newman-Keuls post hoc test. Differ-
ences of P<0.05 were considered significant.

DRAGON Homolog RGMa

A DRAGON homolog, RGMa, has similar functionality to
DRAGON, and may also be used in the methods of the inven-
tion.

Regulation of the signal transduction pathway occurs at
many levels. One key regulatory mechanism for many TGF-3
superfamily members is through accessory or co-receptors to
promote or inhibit ligand binding (Shi and Massague, Cell
113:685-700, 2003; Lopez-Casillas et al., Cell 73:1435-
1444, 1993; Shen and Schier, Trends Genet. 16:303-309,
2000; Cheng et al., Genes Dev. 17:31-36, 2003; Gray et al.,
Proc. Natl. Acad. Sci. USA 100:5193-5198, 2003; Samad et
al., J. Biol. Chem. 280:14122-14129, 2005). For example, the
TGF-f type III receptor (betaglycan) mediates binding of
TGF-B2 to the type II receptor and is important for TGF-p2
signaling (Lopez-Casillas et al., Cell 73:1435-1444, 1993).
Glycosylphosphatidylinositol (GPI)-linked proteins from the
epidermal growth factor-Cripto-Criptic-FRL-1 family are co-
receptors necessary for nodal, Vg1, and growth and differen-
tiation factor 1 signaling (Shen and Schier, Trends Genet.
16:303-309, 2000; Cheng et al., Genes Dev. 17:31-36, 2003).
Cripto also inhibits activin signaling by preventing binding of
the activin/type Il receptor complex to type I receptors (Gray
etal., Proc. Natl. Acad. Sci. USA 100:5193-5198, 2003). We
have recently identified the GPI-anchored protein DRAGON
(RGMD) as the first co-receptor for BMP signaling (Samad et
al,, J. Biol. Chem. 280:14122-14129, 2005). DRAGON
enhances cellular responses to BMP, but not TGF-§, signals
in a ligand-dependent manner. DRAGON associates with
BMP type I and type II receptors, and soluble DRAGON.Fc
fusion protein binds selectively to BMP-2 and BMP-4, but not
BMP-7 or other members of the TGF-f superfamily of
ligands (Samad et al., J. Biol. Chem. 280:14122-14129,
2005).
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DRAGON is a member of the repulsive guidance molecule
(RGM) family of genes, which also includes RGMa and
hemojuvelin (HIV/RGMc/HFE2). These family members
share 50-60% amino acid identity and similar structural fea-
tures, including an N-terminal signal sequence, conserved
proteolytic cleavage site, partial von Willebrand factor type D
domain, and GPI anchor (Monnier et al., Nature 419:392-
395, 2002.; Papanikolaou et al., Nat. Genet. 36:77-82, 2004;
Samad et al., J. Neurosci. 24:2027-2036, 2004; Niederkofler
et al., J Neuwrosci. 24:808-818, 2004; Schmidtmer and
Engelkamp, Gene Expr Patterns 4:105-110, 2004; Old-
ekamp et al., Gene Expr Patterns 4:283-288, 2004). Unlike
DRAGON, RGMa and hemojuvelin also possess an RGD
motif, which could be involved in cell attachment (Monnier et
al., Nature 419:392-395, 2002). RGMa and DRAGON are
expressed in a complementary manner in the central nervous
system (Samad et al., J Neurosci. 24:2027-2036, 2004;
Niederkofler et al., J. Neurosci. 24:808-818, 2004; Schmidt-
mer and Engelkamp, Gene Expr. Patterns 4:105-110, 2004;
Oldekamp et al.,, Gene Expr Patterns 4:283-288, 2004),
where RGMa mediates repulsive axonal guidance (Monnier
etal., Nature 419:392-395,2002; Rajagopalanetal., Nat. Cell
Biol. 6:756-762, 2004; Brinks et al., J. Neurosci. 24:3862-
3869, 2004), and neural tube closure (Niederkofler et al., J.
Neurosci. 24:808-818, 2004), while DRAGON contributes to
neuronal cell adhesion through homophilic interactions (Sa-
mad et al., J. Neurosci. 24:2027-2036, 2004). RGMa also
binds to the receptor neogenin (Rajagopalan et al., Naz. Cell
Biol. 6:756-762, 2004) and functions as a cell survival factor
(Matsunaga et al., Nat. Cell Biol. 6:749-755, 2004). Hemo-
juvelin is expressed most heavily in the liver, heart, and skel-
etal muscle, and is mutated in juvenile hemochromatosis, a
disorder of iron overload (Papanikolaou et al., Nat. Genet.
36:77-82, 2004; Samad et al., J. Neurosci. 24:2027-2036,
2004; Niederkofler et al., J. Neurosci. 24:808-818, 2004,
Schmidtmer and Engelkamp Gene Expr. Patterns 4:105-110,
2004; Oldekamp et al., Gene Expr. Patterns 4:283-288, 2004,
Rodriguez Martinez et al., Haematologica 89:1441-1445,
2004).

RGMa is involved in the BMP signaling pathway. A
reporter assay shows that transfection of RGMa c¢DNA into
cells enhances BMP, but not TGF-f, signals in a ligand-
dependent fashion. Binding and crosslinking studies in a cell-
free system demonstrate that soluble RGMa.Fc fusion protein
interacts with the BMP type I receptor ALK6 and binds
directly to '**I-BMP-2 and '**I-BMP-4, but not other mem-
bers of the TGF-f superfamily. Co-transfection of RGMa
c¢DNA with dominant negative BMP type I receptors or with
dominant negative Smadl inhibits RGMa-mediated BMP
signaling, suggesting that RGMa generates BMP signals via
the classical BMP pathway. Transfection of RGMa cDNA
into cells induces phosphotylation of endogenous Smad1/5/8
and upregulates endogenous Id1. Finally, immunofluores-
cence microscopy of adult rat spinal cord sections, reveals
that RGMa is expressed in vivo in neurons which also show
nuclear accumulation of p-Smad1/5/8. Taken together, these
data indicate that RGMa functions as a BMP co-receptor.
RGMa Mediates BMP, but not TGF-f3, Signaling

As RGMa homolog DRAGON functions as a BMP co-
receptor in LLC-PK1 porcine kidney epithelial cells (Samad
et al J. Biol. Chem. 280:14122-14129, 2005), the ability of
RGMa to mediate BMP signaling was tested in these cells.
LLC-PK1 cells were transfected with a BMP-responsive
luciferase reporter (BRE-Luc, Korchynskyi and ten Dijke J.
Biol. Chem 277:4883-4891, 2002) (FIGS. 31A and 31C) ora
TGF-f responsive luciferase reporter (CAGA-Luc, Dennler
etal., FEMBO J. 17:3091-3100, 1998) (FIG. 31B) either alone
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or in combination with cDNA encoding RGMa. Transfected
cells were then incubated with or without BMP-2 or TGF-f1
for 16 hours followed by measurement of luciferase activity.
Inthe absence of RGMa, stimulation with BMP-2 or TGF-f1
increased the relative luciferase activity for their respective
reporters compared with unstimulated cells (FIGS. 31A and
31B, compare bars 2 to 1). Co-transfection with RGMa simi-
larly increased BRE luciferase activity even in the absence of
exogenous BMP ligand (FIG. 31A, bar 3). The RGMa-medi-
ated BMP signaling was dose dependent (FIG. 31C, white
bars), reaching a peak at about 200 ng cDNA per transfection.
RGMa also augmented signaling produced by exogenous
BMP-2 (FIG. 31C, black bars). In contrast, co-transfection
with RGMa (up to 1 mg) did not increase the TGF-f respon-
sive CAGA luciferase activity above baseline (FIG. 31B, bar
3). Similar results. were seen in another cell line (HepG2
cells, data not shown). Taken together, these results demon-
strate that like DRAGON, RGMa mediates BMP, but not
TGF-f, signaling.
RGMa-Mediated BMP Signaling is Ligand-Dependent

The ability of RGMa to generate BMP signals even in the
absence of exogenous BMP ligand raises the question of
whether RGMa acts in a ligand-independent manner, or
whether it augments signaling by endogenous BMP ligands.
To investigate this question, we examined whether RGMa-
mediated signaling was inhibited by noggin, a soluble BMP
inhibitor that binds and sequesters BMP ligands barring
access to membrane receptors (Balemans and Van Hul Dev.
Biol. 250:231-250, 2002; Groppe et al., Nature 420:636-642,
2002). The effects of noggin on exogenous BMP-2 and TGF-
p1 stimulation were used as positive and negative controls
respectively. Results were confirmed using a neutralizing
antibody against BMP-2 and BMP-4 (a-BMP-2/4). In the
absence of noggin, co-transfection with RGMa cDNA
increased BRE luciferase activity 8-fold above baseline (FIG.
32A, compare bar 3 to 1). Similarly, exogenous BMP-2
increased BRE luciferase activity 15-fold over baseline (FIG.
32A, compare bar 5 to 1). This stimulation by either RGMa
transfection or exogenous BMP-2 was blocked by noggin
(FIG. 32A bars 4, 6). Noggin also decreased basal BMP
signaling in cells neither transfected with RGMA nor stimu-
lated with exogenous BMP-2 (FIG. 32A, compare bar 2 to 1).
In contrast, noggin did not affect TGF-f1 induced CAGA
luciferase activity (data not shown). Similar results were seen
with a neutralizing antibody against BMP-2 and BMP-4
(FIG. 32B). Thus, RGMa generates BMP signals in a ligand-
dependent manner, likely via endogenously expressed BMP
ligands. The observation of mRNA for both BMP-2 and
BMP-4 in these cells by RT-PCR further supports this possi-
bility (FIG. 32C).
Production and Characterization of Seluble RGMa.Fc Fusion
Protein

An RGMa.Fc fusion protein was produced by fusing the
extracellular domain of RGMa to the Fc portion of human
IgG. An affinity purified rabbit polyclonal antibody raised
against a C-terminal peptide sequence of RGMa upstream of
its GPI anchor (a-RGMa) was also generated. Purified
RGMa.Fc was analyzed by reducing SDS-PAGE followed by
Western blot using anti-human Fc antibody (a-Fc) and
a-RGMa. Both antibodies recognized two bands of approxi-
mately 60 and 75 kDa not seen in mock transfected cells,
confirming the presence of both the RGMa and Fc domains,
and validating the RGMa antibody (FIG. 33). These bands
were not seen when the RGMa antibody was pre-incubated
with competing antigenic peptide (data not shown). The
larger band is consistent with the predicted size of the full
length RGMa.Fc fusion protein, and the smaller band is con-
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sistent with the predicted size of RGMa.Fc fusion protein
which has been proteolytically cleaved as described for both
the chick in Monnier et al. (Nature 419:392-395, 2002) and
mouse homologues in Niederkofler et al. (J. Neurosci.
24:808-818, 2004) of RGMa.

RGMa.Fc Binds Selectively to BMP-2 and BMP-4, but not
BMP-7 or TGF-$1

Next, RGMa was tested for direct interactions with BMP
ligands using soluble RGMa.Fc fusion protein in a cell free
binding system. RGMa.Fc was incubated overnight with *°1-
BMP-2 with or without excess cold BMP-2, -4, -7 or TGF-f1,
followed by incubation on protein A coated plates and deter-
mination of radioactivity. RGMa.Fc bound to '**I-BMP-2
(FIG. 34A, compare bar 2 to 1). This binding was competi-
tively inhibited by excess cold BMP-2 or BMP-4, but not by
BMP-7 or TGF-B1. Similar findings were seen with '*°I-
BMP-4 (data not shown).

Chemical crosslinking experiments using DSS in a cell
free system provided additional support for interaction
between RGMa.Fc and BMP-2. '**I-BMP-4 was crosslinked
with RGMa.Fc in the presence of DSS (FIG. 34B, bar 4), and
this crosslinking was inhibited by excess cold BMP-4 (FIG.
34B, bar 5). No band was seen in the absence of DSS (FIG.
34B, bars 1-2) or when buffer alone (FIG. 34B, bar 3) or
ALKS .Fc (aTGF-f type I receptor, FIG. 34B, bar 6) was used
in place of RGMa.Fc. Similar results were seen for crosslink-
ing with '**I-BMP-2 (data not shown). Taken together, these
data indicate that RGMa.Fc binds directly and selectively to
BMP-2 and BMP4, but not BMP-7 or TGF-f1.

RGMa Mediates BMP Signaling Via BMP Type I Receptors

Determination of whether RGMa acts via the classical
BMP signaling pathway through BMP receptors was made.
Dominant negative mutants of BMP type I receptors ALK3
(ALK3 DN) and ALK6 (ALK6 DN), which are deficient in
kinase activity and therefore unable to phosphorylate Smad1/
5/8, have been described in Clarke et al. (Mol. Endocrinol.
15:946-959, 2001) and Chen et al. (J. Cell Biol. 142:295-
305), 1998). The effects of co-transfection with dominant
negative ALK3 and ALK6 mutants on RGMa-mediated BMP
signaling were examined, and the effect of these mutants on
exogenous BMP was used as a control. Transfection with
RGMa or incubation of cells with exogenous BMP-2
increased BRE luciferase activity 6-10-fold above baseline
(FIG. 35A, compare bar2to 1 and 6 to 5). This stimulation by
either RGMa or exogenous BMP-2 was blocked by co-trans-
fection with dominant negative ALK3 (FIG. 35A, bars 3, 7) or
dominant negative ALK6 (FIG. 35A, bars 4, 8).

To determine whether RGMa interacted directly with BMP
type [ receptors, purified RGMa.Fc, ALK6.Fc, and/or BMP-2
were incubated in solution either individually or in various
combinations, in the presence of the crosslinker DSS. Com-
plexes were pulled down with protein A beads and analyzed
by non-reducing SDS-PAGE, followed by Western blot with
a-RGMa. RGMa.Fc formed a complex in solution with
BMP-2, demonstrated by a more slowly migrating band
under non-reducing conditions compared with RGMa.Fc
alone (FIG. 35B, compare arrowhead in lane 4 to lane 3).
RGMa.Fc also formed a complex with ALK6.Fc, even in the
absence of BMP-2 (FIG. 35B, compare arrowhead in lane 5 to
lane 3). In the presence of BMP-2, an even larger shift was
seen, indicating that a complex containing RGMa.Fc,
ALK6.Fc, and BMP-2 had formed (FIG. 35B, lane 6, arrow-
head). No bands were seen for ALK6.Fc or BMP-2 in the
absence of RGMa.Fc (FIG. 35B, lanes 1 and 2). BMP ligands
exhibit high affinity for BMP type I receptors and low affinity
for BMP type II receptors (Shi and Massague, Cel/ 113:685-
700, 2003). The combination of RGMa and BMP type I
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receptors increased binding of BMP ligands compared with
BMP type I receptors alone was thus tested. Purified
RGMa.Fc and ALK6.Fc were incubated overnight in solution
with >°I-BMP-2, followed by incubation on protein A coated
plates and determination of radioactivity. RGMa.Fc and **°I-
ALKG6.Fc alone each significantly bound BMP-2 (FIG. 35C,
compare bars 2 and 3 to 1). As a negative control, BMP type
1I receptor was unable to bind (data not shown). The combi-
nation of RGMa.Fc and ALK6.Fc increased binding to **°I-
BMP-2 compared with ALK6.Fc alone (FIG. 35C, compare
bar 4 to 3).

RGMa Mediates BMP Signaling Via Smadl/5/8, and
Upregulates Endogenous Id1 Expression

The role of RGMa in the classical BMP signaling pathway
was studied using the effects of wildtype Smadl (WT Smad1)
versus dominant negative Smadl (DN Smadl), a dominant
negative mutant of Smadl with deleted carboxy terminal
phosphoacceptor residues (Samad et al., J. Biol. Chem. 280:
14122-14129, 2005; Macias-Silva et al., J. Biol. Chem. 273:
25628-25636, 1998, Piscione et al., Am. J. Physiol. Renal
Physiol. 280:F19-33, 2001), on RGMa-mediated BMP sig-
naling. Results were compared with their effects on exog-
enous BMP-2 signaling as a control. Consistent with other
studies (Samad et al., J. Biol. Chem. 280:14122-14129, 2005;
Hoodless et al., Cell 85:489-500, 1996; Macias-Silva et al.,
Cell 87:1215-1224, 1996), transfection with WT Smadl
alone increased BRE luciferase activity 8-fold above baseline
(FIG. 36A, compare bar 2 to 1), while transfection with DN
Smadl alone decreased BRE luciferase activity below base-
line (FIG. 36 A, compare bar 3 to 1). Transfection with RGMa
increased BRE luciferase activity 7-fold above baseline (FIG.
36A, bar 4). Co-transfection of WT Smad1 with RGMa fur-
ther augmented the signaling induced by either WT Smadl or
RGMa alone (FIG. 36A, compare bar 5 to 2, 4). Co-transfec-
tion of DN Smad1 with RGMa blocked the increase in signal
seen with RGMa alone (FIG. 36A, compare bar 6 to 4).
Similar results were seen for the effects of WT Smad1 and DN
Smadl on exogenous BMP-2 stimulation (FIG. 36A, bars
7-10).

To demonstrate that RGMa mediates BMP signaling
through the Smad signaling pathway, the effect of RGMa
expression on phosphorylation of endogenous Smadl/5/8
was studied. LLC-PK1 cells were transiently transfected with
RGMa cDNA and cell lysates were assayed for p-Smad1/5/8
by Western blot (FIG. 36B, a-p-Smadl/5/8). Blots were
stripped and reprobed for total Smadl as a loading control
(FIG. 36B, a-Smadl). Results were compared to mock trans-
fected cells as a negative control, and cells stimulated for 2
hours with 50 ng/ml exogenous BMP-2 as a positive control.
Expression of p-Smad1/5/8 relative to Smad] was quantitated
using IPLab Spectrum software (FIG. 36C). Consistent with
our other data supporting the notion of endogenous BMP
signaling in these cells, mock transfected cells (without
RGMa or exogenous BMP-2 stimulation) did have some
basal level of p-Smad1/5/8 (FIG. 36B, left two lanes). Trans-
fection with RGMa c¢DNA increased p-Smadl/5/8 levels
compared with mock transfected cells (FIG. 368, compare
middle three lanes to left two lanes; FIG. 36C, compare bar 2
to 1). As a positive control, stimulation with exogenous
BMP-2 also increased p-Smadl1/5/8 levels (FIG. 36B, right
two lanes; FIG. 36C, bar 3).

We then demonstrated that RGMa affects expression of
endogenous Id1, an important downstream target of BMP
signals (Hollnagel et al., J. Biol. Chem. 274:19838-19845,
1999; Korchynskyi and ten Dijke J. Biol. Chem 277:4883-
4891, 2002; Lopez-Rovira et al., J. Biol. Chem. 277:3176-
3185,2002; Miyazono and Miyazawa, Sci STKE. 2002:PE40,
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2002; ten Dijke et al., Mol. Cell. Endocrinol. 211:105-113,
2003). Western blots used in the p-Smad1/5/8 assay above
were stripped and re-probed with anti-Id1 antibody (FIG.
36B, a-Idl). Blots were stripped again and re-probed with
actin antibody (FIG. 36B, a-f-actin) as a loading control, and
the ratio of Id1 to f-actin expression was quantitated using
IPLab Spectrum software (FIG. 36D). Transfection with
RGMa increased expression of Id1 protein about 2.3-fold
compared with mock transtected cells (FIG. 36B compare
middle three lanes to left two lanes; FIG. 36D compare bar 2
to 1). As a positive control, stimulation with exogenous
BMP-2 also increased Id1 expression (FIG. 36B, right two
lanes; FIG. 36D, bar 3). Thus, RGMa mediates BMP signal-
ing via the classical BMP pathway involving Smadl1/5/8, and
RGMa increases expression of endogenous Id1 protein, a
downstream target of BMP signals.

RGMa is Widely Expressed

Our studies are the first to examine expression of RGMa in
awide variety of tissues. Other studies have focused on detail-
ing the expression pattern of endogenous RGMa in the central
nervous system and during development (Samad et al., J
Neurosci. 24:2027-2036, 2004, Niederkofler et al., J. Neuro-
sci. 24:808-818, 2004; Schmidtmer and Engelkamp Gene
Expr. Patterns 4:105-110, 2004; Oldekamp et al., Gene Expr
Patterns 4:283-288, 2004). To begin to elucidate the role of
RGMa in vivo, we performed Northern blot analysis of
endogenous RGMa expression in a variety of adult rat tissues.
RGMa message is widely expressed in many of the tissues
tested, including heart, brain, lung, liver, skin, kidney, and
testis (FIG. 37). Two distinct bands were seen in some tissues,
possibly representing alternative transcription initiation or
alternative splicing.

BMP Signaling Occurs in Neurons of the Adult Spinal Cord
which Express RGMa

Next, we demonstrated that RGMa expression in vivo cor-
relates with its hypothesized role as a co-receptor for BMP
signaling. RGMa mRNA has been is widely expressed in a
complementary fashion to DRAGON in the central nervous
system (Samad et al., J Neurosci. 24:2027-2036, 2004;
Niederkofler et al., J. Neurosci. 24:808-818, 2004; Schmidt-
mer and Engelkamp Gene Expr. Patterns 4:105-110, 2004;
Oldekamp et al.,, Gene Expr Patterns 4:283-288, 2004),
including ventral horn neurons of the spinal cord (Samad et
al., J. Neurosci. 24:2027-2036, 2004). We therefore deter-
mined whether RGMa protein was expressed in ventral horn
neurons, and we examined whether these neurons also
showed evidence of BMP signaling, i.e., nuclear accumula-
tion of p-Smadl/5/8. Adult rat spinal cord sections were
analyzed by immunofluorescence microscopy with
a-RGMa, o-p-Smadl/5/8, and/or anti-neuron-specific
nuclear protein antibody (a-NeuN) to visualize neuronal cell
bodies (Samad et al., J Neurosci. 24:2027-2036, 2004).
RGMa staining colocalized with NeuN staining in ventral
horn motor neurons (FIGS. 38A-38C). Ventral horn motor
neurons were also positive for nuclear p-Smad1/5/8 (FIGS.
38D-38F), suggesting that there is basal signal transduction
via the BMP pathway in these cells. Thus, endogenous RGMa
is expressed in ventral horn motor neurons which also gener-
ate BMP signals, indicating a role for RGMa as a BMP
co-receptor in vivo.

BMPs are members of the TGF-} superfamily of ligands
which play a pleitropic role in vertebrate development and
adult tissues (Hogan, Genes Dev. 10:1580-1594, 1996; Zhao,
Genesis 35:43-56, 2003; Balemans and Van Hul Dev. Biol.
250:231-250, 2002). These functions require tight spatiotem-
poral regulation and specific activation via receptor com-
plexes of particular intracellular signaling pathways. In order
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to generate specificity and to finely tune these signals, regu-
lation occurs at multiple levels extracellularly, at the mem-
brane surface, and intracellularly (Shi and Massague, Cell
113:685-700, 2003; Balemans and Van Hul Dev. Biol. 250:
231-250, 2002; von Bubnoff and Cho Dev. Biol. 239:1-14,
2001).

For the BMP pathway, most regulatory mechanisms iden-
tified to date are inhibitory. Soluble BMP antagonists such as
noggin, chordin, chordin-like, follistatin, FSRP, DAN, cere-
brus, and gremlin bind BMPs in the extracellular space and
mask receptor binding interfaces for BMP type I and type 11
receptors (Balemans and Van Hul Dev. Biol. 250:231-250,
2002; Groppe et al., Nature 420:636-642, 2002). At the mem-
brane surface, BAMBI (BMP and activin receptor membrane
bound inhibitor), which is structurally related to type I recep-
tors in the extracellular domain but lacks the intracellular
serine/threonine kinase domain, inhibits BMP signals by sta-
bly associating with type II receptors and preventing forma-
tion of the active receptor complexes (Onichtchouk et al.,
Nature 401:480-485, 1999). Inhibin, in concert with its co-
receptor betaglycan (also known as the TGF-f type I1I recep-
tor), competes with BMPs foraccess to BMP type Il receptors
(Wiater and Vale, J. Biol. Chem. 278:7934-7941, 2003).
Inside the cell, inhibitory Smads (Smad 6 and Smad 7) inhibit
signaling by either interacting with phosphorylated type I
receptors to prevent activation of receptor-activated Smads
(Imamura et al., Nature 389:622-626, 1997; Nakao et al.,
Nature 389:631-635, 1997; Souchelnytskyi et al., J. Biol.
Chem. 273:25364-25370, 1998), or through competition to
prevent formation of the receptor-activated Smad/Co-Smad
complex (Hata et al., Genes Dev. 12:186-197, 1998). Other
intracellular molecules Smurfl and Smurf2 (Smad ubiquiti-
nation regulatory factors), selectively target activated type I
receptors and Smad proteins for degradation (Zhu et al.,
Nature 400:687-693, 1999; Kaysak et al., Mol. Cell 6:1365-
1375, 2000, Zhang et al., Proc. Natl. Acad. Sci. USA. 98:974-
979, 2001).

For other TGF-f superfamily members, accessory or co-
receptors also play an important regulatory role to promote or
inhibit ligand binding (Shi and Massague, Cell 113:685-700,
2003; Lopez-Casillas et al., Cell 73:1435-1444, 1993; Shen
and Schier, Trends Genet. 16:303-309, 2000; Cheng et al.,
Genes Dev. 17:31-36,2003; Gray et al., Proc. Natl. Acad. Sci.
US4 100:5193-5198, 2003). Recently, we identified
DRAGON (RGMb) as the first known co-receptor for BMP
signaling (Samad et al., J. Biol. Chem. 280:14122-14129,
2005). We therefore investigated whether another RGM fam-
ily member, RGMa, was similarly involved in the BMP sig-
naling pathway. Here, we have demonstrated that RGMa is a
BMP co-receptor which enhances cellular responses to BMP,
but not TGF-p.

Although transfection of RGMa into LLC-PK1 cells
enhanced BMP signal transduction without exogenously
added ligand, our results indicate that this process is ligand-
dependent, which is supported by the fact that RGMa-medi-
ated BMP signaling was inhibited by noggin, a soluble BMP
inhibitor which binds and sequesters BMP ligands, prevent-
ing access to BMP receptors (Balemans and Van Hul Dev.
Biol. 250:231-250, 2002; Groppe et al., Nature 420:636-642,
2002). However, this does not pinpoint the endogenous ligand
(s) responsible for RGMa-mediated BMP signaling in these
cells, since noggin has been shown to bind and antagonize
several BMPs, including BMP-2, BMP-4, and BMP-7, as
well as some other TGF-f superfamily members, including
growth and differentiation factor 5 (Balemans and Van Hul
Dev. Biol. 250:231-250, 2002; Groppe et al., Nature 420:636-
642,2002; Zimmerman et al., Cell 86:599-606, 1996; Merino
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et al., Dev. Biol. 206:33-45, 1999). Our findings that a neu-
tralizing antibody to BMP-2 and BMP-4 also inhibited
RGMa-mediated BMP signaling suggest that the major
endogenous ligand(s) in these cells may be BMP-2 and/or
BMP-4. Indeed, RT-PCR confirmed that these cells do endog-
enously express both BMP-2 and BMP-4. However, this does
not preclude the possibility that some portion of the signaling
is related to other BMP ligands. Indeed, the manufacturer of
this neutralizing antibody does report some minimal cross-
reactivity to other BMP ligands. Additionally, this antibody
did not completely inhibit RGMa-mediated BMP signaling to
baseline levels. Further evidence for the role of RGMa as a
co-receptor for BMP-2 and/or BMP-4 is provided by binding
and crosslinking studies of purified RGMa.Fc in solution.
These assays allow the determination of the binding proper-
ties of single types of receptors and combinations of receptors
in isolation, avoiding the presence of any confounding co-
expressed accessory proteins that may also be present at the
cell surface (del Re et al., J. Biol. Chem. 279:22765-22772,
2004). Here, RGMa.Fc bound directly and specifically to
125.BMP-2 and '**I-BMP-4, and binding was competitively
inhibited by excess cold BMP-2 and BMP-4, but not BMP-7
or TGFb1. RGMa.Fc also formed a complex with the BMP
type I receptor ALK6.Fc, and the presence of RGMa.Fc in
combination with ALK6 Fc increased binding to '*°I-BMP-2
compared with ALK6.Fc alone. No further increase in bind-
ing was seen with the addition of the BMP type Il receptor.Fc
(data not shown). Although this increased binding was addi-
tive, not synergistic, the fact that RGMa.Fc formed a complex
with ALK6.Fc indicates that RGMa associates with BMP
type 1 receptors that on the cell surface, thereby increasing
overall binding of BMP ligands to the receptor complex and
enhancing BMP signal transduction. While the binding and
crosslinking experiments were performed using RGMa.Fc
and BMP receptor.Fc fusion proteins in solution, support for
the role of GPI-anchored, cell-surface RGMa in the BMP
signaling pathway is provided by our findings that RGMa-
mediated BMP signaling was inhibited by dominant negative
BMP type I receptors and by dominant negative Smadl, using
a BMP-responsive luciferase reporter assay in cell culture.
Additionally, transfection of RGMa into LLC-PK1 cells
increased phosphorylation of endogenous Smad1/5/8, and
increased expression of endogenous Id1 protein, an important
target gene of BMP signaling in many tissues (Hollnagel et
al., J. Biol. Chem. 274:19838-19845, 1999; Korchynskyi and
ten Dijke J. Biol. Chem 277:4883-4891, 2002; Lopez-Rovira
et al., J. Biol. Chem. 277:3176-3185, 2002; Miyazono and
Miyazawa, Sci STKE. 2002:PE40, 2002; ten Dijke et al., Mol.
Cell. Endocrinol. 211:105-113, 2003). The physiologic role
of endogenous RGMa as a BMP co-receptor in vivo is indi-
cated by RGMa expression in spinal cord neurons along with
nuclear accumulation of p-Smadl1/5/8, indicative of BMP
signal transduction in these cells. Interestingly, RGMa also
acts as a cell survival factor by binding to the receptor neo-
genin and inhibiting neogenin’s pro-apoptotic activity (Raja-
gopalan et al., Nat. Cell Biol. 6:756-762,2004; Matsunaga et
al., Nat. Cell Biol. 6:749-755, 2004). RGMa and DRAGON
are members of the RGM family of proteins, which also
includes the juvenile hemochromatosis gene HIV. RGM fam-
ily members are highly conserved across vertebrates and
invertebrates and share significant sequence homology as
well as similar structural features (Monnier et al., Nature
419:392-395, 2002; Papanikolaou et al., Nat. Genet. 36:77-
82, 2004; Samad et al., J. Neurosci. 24:2027-2036, 2004,
Niederkofler et al., J. Neurosci. 24:808-818, 2004; Schmidt-
mer and Engelkamp, Gene Expr. Patterns 4:105-110, 2004;
Oldekamp et al., Gene Expr Patterns 4:283-288, 2004). HIV
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also mediates BMP signaling (J. L. Babitt, unpublished data),
indicating that these family members all share the ability to
act as co-receptors to enhance BMP signals. Our results do
not reveal any differences between RGMa and DRAGON in
regard to their function as BMP co-receptors. Both bind to
BMP-2 and BMP-4, but not BMP-7 or other members of the
TGF-f superfamily. Both signal via the BMP type I receptors
ALK3 and ALK6 and Smadl. A secreted protein, Kielin/
chordin-like protein, has recently been described as a para-
crine enhancer of BMP-7 signaling (Lin et al., Nat. Med.
11:387-393, 2005). Thus, multiple enhancing regulatory
mechanisms may exist for BMP signaling to complement the
inhibitory regulatory mechanisms which have been described
(Shi and Massague, Cell 113:685-700, 2003; Balemans and
Van Hul Dev. Biol. 250:231-250, 2002; von Bubnoff and Cho
Dev. Biol. 239:1-14, 2001).

The role of RGM family members may be to differentially
increase the sensitivity of cells in which they are expressed to
low levels of BMP ligands, thus contributing to the tight
spatiotemporal regulation of BMP signal transduction.
Northern blot analysis of adult rat tissues revealed that endog-
enous RGMa is expressed in a variety of organs, including
heart, brain, lung, liver, skin, kidney, and testis. While some
studies have reported a more limited distribution, they were
largely focused on expression in the central nervous system
and during development (Samad et al., J. Neurosci. 24:2027-
2036, 2004; Niederkofler et al., J Neurosci. 24:808-818,
2004; Schmidtmer and Engelkamp, Gene Expr Patterns
4:105-110,2004; Oldekamp et al., Gene Expr Patterns 4:283-
288; 2004). Additionally, the one previously published
Northern blot of RGMa expression in a variety of tissues was
limited by under-exposure (Niederkofler et al., J. Neurosci.
24:808-818, 2004), also a possible explanation for their find-
ing only the larger of the two bands seen in our study. Recent
work has also demonstrated a broader tissue distribution for
DRAGON, including many tissues throughout the reproduc-
tive axis (Xia et al., Endocrinology [Epub ahead of print],
2005). We have also found DRAGON expression in the adult
rat heart, liver, and kidney by Northern blot (data not shown).
While HIV expression has been described predominantly in
the liver, cardiac muscle, and skeletal muscle (Papanikolaou
et al., Nat. Genet. 36:77-82, 2004; Samad et al., J. Neurosci.
24:2027-2036, 2004; Niederkofler et al., J. Neurosci. 24:808-
818, 2004; Schmidtmer and Engelkamp, Gene Expr. Patterns
4:105-110,2004; Oldekamp et al., Gene Expr Patterns 4:283-
288, 2004), one recent study suggested that HJV is also
expressed in the adult mouse brain, lung, spleen, kidney,
testis, blood, stomach, and intestine (Rodriguez Martinez et
al., Haematologica 89:1441-1445,2004). Thus, RGM family
member expression overlaps in a variety of tissues. However,
it is possible that the distribution within those tissues is dif-
ferent. For example, in the central nervous system, where
RGMa and DRAGON expression have been best character-
ized, they are predominantly expressed in a non-overlapping
areas (Samad et al., J Neurosci. 24:2027-2036, 2004;
Niederkofler et al., J. Neurosci. 24:808-818, 2004; Schmidt-
mer and Engelkamp, Gene Expr. Patterns 4:105-110, 2004;
Oldekamp et al., Gene Expr Patterns 4:283-288, 2004).

Our results define the first family of proteins which func-
tionas BMP co-receptors. RGM family members increase the
sensitivity of cells in which they are expressed to BMP stimu-
lation, and allow these cells to respond earlier or more
robustly to a low level of BMP ligand. RGM family members
thus represent an important addition to the complex array of
regulatory molecules which help to generate specificity and
tightly coordinate cellular responses to BMP ligands.
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Experiments relating to RGMa were carried out as follows.
c¢DNA Subcloning

c¢DNA encoding murine RGMa was subcloned into the
expression vector pPCDNA4/HisB (Promega, Madison, Wis.).
c¢DNA encoding the extracellular domain of murine RGMa
was amplified by polymerase chain reaction (PCR) and sub-
cloned into the mammalian expression vector plgplus (R & D
Systems, Minneapolis, Minn.) into the restriction sites
BamHI and HindIII in-frame with the Fc portion of human
immunoglobulin (IgG) to generate soluble RGMa.Fc fusion
protein.
Cell Culture and Transfection

HEK 293 cells and LLC-PK1 cells were obtained from the
American Type Culture Collection (ATCC #CRL1573 and
CL-101 respectively) and cultured in Dulbecco’s modifica-
tion of Eagle’s medium (DMEM; Cellgro Mediatech, Hern-
don, Va.) containing 10% fetal bovine serum (FBS; Atlanta
Biologicals, Lawrenceville, Ga.). All plasmid transfections
were performed with Lipofectamine 2000 (Invitrogen, Carls-
bad, Calif.) according to manufacturer instructions. Stably
transfected cells were selected and cultured in 2 mg/ml G418
(Cellgro Mediatech).
Luciferase Assay

LLC-PK1 cells were transiently transfected with a TGF-3
responsive firefly luciferase reporter, (CAGA)12MLP-Luc
(CAGA-Luc, Dennler et al., EMBO J. 17:3091-3100, 1998),
or a BMP responsive firefly luciferase reporter (BRE-Luc,
Korchynskyi, and ten Dijke, J. Biol. Chem 277:4883-4891,
2002) (both kindly provided by Peter ten Dijke, Netherlands
Cancer Institute), in combination with pRL-TK Renilla
luciferase vector (Promega) in a ratio of 10:1 to control for
transfection efficiency, with or without co-transfection with
RGMa cDNA. Forty-eight hours after transfection, cells were
serum starved in DMEM supplemented with 1% FBS for 6
hours and treated with varying amounts of TGF-f, BMP-2,
BMP-4, or BMP-7 ligands (R&D Systems) for 16 hours, in
the absence or presence of noggin (R&D Systems) or anti-
BMP-2/4 antibody (R&D Systems). Cells were lysed, and
luciferase activity was determined with the Dual Reporter
Assay (Promega) according to the manufacturer’s instruc-
tions. Experiments were performed in duplicate or triplicate
wells. Relative luciferase units (R.L..U.) were calculated as
the ratio of firefly (reporter) and Renilla (transfection control)
luciferase values.
Reverse Transcription Polymerase Chain Reaction (RT-PCR)

LLC-PK1 cells were grown to confluence on 6-cm tissue
culture plates. Total RNA was isolated using the RNeasy Mini
Kit (QIAGEN Inc., Valencia, Calif.) including DNase diges-
tion with the RNase-Free DNase Set (QIAGEN) according to
the manufacturer’s instructions. First strand cDNA synthesis
was performed using iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, Calif.) according to the manufacturer’s instruc-
tions. Transcripts of BMP-2 were amplified using the forward
primer 5-CGTGACCAGACTTTTGGACAC-3' (SEQ ID
NO:16) and reverse primer 5'-GGCATGATTAGTGGAGT-
TCAG-3' (SEQ ID NO:17). Transcripts of BMP-4 were
amplified using the forward primer 5'-AGCAGCCAAAC-
TATGGGCTA-3' (SEQID NO:18) and reverse primer 5'-TG-
GTTGAGTTGAGGTGGTCA-3' (SEQ ID NO:19).
Purification and Characterization of RGMa.Fc

HEK 293 cells stably expressing RGMa.Fc were cultured
in DMEM supplemented with 5% FBS using 175-cm® mul-
tifloor flasks (Denville Scientific, Southplainfield, N.J.).
RGMa.Fc was purified from the media of stably transfected
cells via one-step Protein A affinity chromatography using
HiTrap rProtein A FF columns (Amersham Biosciences, Pis-
cataway, N.J.) as described in del Re et al., (/. Biol. Chem.
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279:22765-22772, 2004). Purified protein was eluted with
100 mM glycine-HCL, pH 3.2 and neutralized with 0.3 M
Tris-HC1 pH 9 as described in del Re et al, supra).

Purified human RGMa.Fc was subjected to reducing
sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using pre-cast NuPAGE Novex 4-12% Bis-Tris
gels (Invitrogen), and gels were stained with Bio-safe Coo-
massie blue (Bio-Rad) to determine the purity of RGMa.Fc
and quantify protein concentration. For Western blot analysis,
gels were electroblotted to polyvinylidene difluoride filter
(PDVF) membranes (Bio-Rad). Membranes were blocked
with TBS-T (Tris buffered saline, 0.2% Tween 20) containing
6% milk powder for 1 hour and washed three times with
TBS-T for 10 minutes. Membranes were then probed with an
affinity purified rabbit polyclonal anti-mouse RGMa anti-
body (a-RGMa) raised against the peptide RMDEEV-
VNAVEDRDSQGLYLC (SEQ ID NO:20; amino acids 296-
316 in the C terminus of mouse RGMa upstream of its
hydrophobic tail; GenBank Accession Number NM 177740)
(1:2,000) at 4° C. overnight, or with anti-Fc antibody (Jack-
son ImmunoResearch, West Grove, Pa.) (1:2000) at room
temperature for 1 hr in blocking solution. Membranes were
washed with TBS-T and incubated with donkey anti-rabbit or
anti-goat horseradish peroxidase (HRP)-linked secondary
antibody (1:10,000) (Santa Cruz Biotechnology, Santa Cruz,
Calif.). Antibody binding was detected with chemilumines-
cence reagent (PerkinElmer Life Sciences, Boston, Mass.)
and exposed to BioMax XAR film (Kodak, Rochester, N.Y.).
Ligand Iodination

Two mg of carrier free human BMP-2 and BMP-4 ligand
(R & D Systems) per reaction was iodinated with ['*°I] by the
modified chloramine-T method as described in Frolik et al., J.
Biol. Chem. 259:10995-11000, 1984).

Binding Assay

25 ng purified RGMa.Fc in 1x Tris buffered saline/Casein
blocking buffer (BioFX, Owings Mills, Md.) or buffer alone
was incubated with '>*I-BMP-2 or '*’I-BMP-4 in a total
volume of 200 ml overnight at 4° C., either alone or in the
presence of 80 ng cold BMP-2, BMP-4, BMP-7 or TGF-f1
for competition assays. For mixing studies, buffer alone, 10
ng purified RGMa.Fc alone, 10 ng ALK6.Fc alone (R & D
Systems), or 10 ng each of RGMa.Fc and ALK6.Fc together
were incubated in 1x Tris buffered saline/Casein blocking
buffer with '**I-BMP-2 in a total volume of 200 ml. The
reaction mix was then incubated for 1.5 hrs at 4° C. on protein
A coated plates (Pierce, Rockford, I11.), plates were washed
with wash solution (KPL, Gaithersberg, Md.), and individual
wells were counted with a standard g counter.

DSS Crosslinking in Solution

100 ml '**I-BMP-2 or '**I-BMP-4 (400,000 C.P.M) was
incubated overnight at 4° C. with an equal volume of 20 mM
HEPES (pH 7.8), 0.1% bovine serum albumin, and protease
inhibitors (Roche Diagnostics, Mannheim, Germany) alone,
or containing 25 ng RGMa.Fc or ALKS.Fe (R & D Systems),
in the absence or presence of 80 ng cold BMP-2 or BMP-4.
This mixture was incubated in the absence or presence of 2.5
mM disuccinimidyl suberate (DSS, Sigma, St. Louis, Mo.) in
dimethyl sulfoxide for 2 hr on ice, followed by quenching of
DSS activity with 40 mM Tris (pH 7.5) for 15 minutes. The
mixture was then centrifuged and the supernatant incubated
with Protein A Sepharose beads (Amersham) at 4° C. for 2 hr
to precipitate hot BMP-2 or -4 bound to RGMa.Fc. Beads
were washed with phosphate buffered saline (PBS) and pro-
tein eluted by non-reducing Laemmli sample buffer (Bio-
Rad). Eluted protein was separated by SDS-PAGE and ana-
lyzed by autoradiography.
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For receptor crosslinking studies, 200 ng RGMa.Fc, 200 ng
ALKG6.Fc; and/or 100 ng BMP2 were incubated in 100 ml 20
mM HEPES (pH 7.8), 0.1% bovine serum albumin, and pro-
tease inhibitors at 4° C. overnight. The mixtures were then
crosslinked with DSS, incubated with protein A beads, and
eluted with non-reducing Laemmli sample buffer as
described above. The protein complex was then separated by
non-reducing SDS-PAGE, electroblotted to PVDF mem-
branes, and analyzed by Western blot using RGMa antibody
(1:2000) as described above for RGMa.Fc.
Measurement of Smad1/5/8 Phosphorylation and Id1 Expres-
sion

LLC-PK1 cells plated to 70% confluence were transiently
transfected with S mg RGMa cDNA or empty vector. Twenty-
four hours after transfection cells were incubated in DMEM
supplemented with 1% FBS in the absence or presence of 50
ng/ml BMP2 for 2 hours at 37° C. Cells were sonicated and
lysed in 200 mM Tris-Hel, pH 8.0, 100 mM NaCl, 1 mM
EDTA, 0.5% NP-40, and 10% glycerol containing a mixture
of protease inhibitors (Roche Diagnostics) for twenty min-
utes on ice. After centrifugation for 20 minutes at 4° C., the
supernatant was assayed for protein concentration by colori-
metric assay (BCA kit, Pierce). 30 mg protein was separated
by SDS-PAGE and transferred to PVDF membranes. Mem-
branes were probed with a-RGMa (1:2000) as described
above for RGMa.Fc. Membranes were stripped in 0.2 M
glycine, pH 2.5, 0.5% Tween 20 for 1 hour, and re-probed in
succession with rabbit polyclonal anti-p-Smad1/5/8 antibody
(a-p-Smad1/5/8, Cell Signaling, Beverly, Ma) (1:1000) at 4°
C. overnight according to the manufacturer’s instructions,
rabbit polyclonal anti-Smadl antibody (a-Smadl, Upstate
Biotechnology, Lake Placid, N.Y.) (1:250) at 4° C. overnight,
mouse monoclonal anti-f-actin antibody (a-f-actin, clone
AC 15, Sigma) (1:5000) at room temperature for 1 hour, and
rabbit polyclonal anti-Id1 antibody (ct-Id1, C 20, Santa Cruz
Biotechnology) (1:200) at 4° C. overnight followed by the
appropriate HRP-conjugated secondary antibody and chemi-
luminescence detection after each as described above.
Chemiluminescence was quantitated using IPLab Spectrum
software (Scanalytics, Vienna, Va.).
Northern Blot

Adult rattotal RNA was separated ona 1.5% formaldehyde
agarose gel and blotted onto GeneScreen Plus membrane
(NEN, Boston, Mass.) as described in Costigan et al. (J.
Neurosci. 18:5891-5900, 1998).
Immunohistochemistry

Freshly dissected adult rat lumbar spinal cord was embed-
ded in OCT (Sakura, Tokyo, Japan), frozen on dry ice, cut by
cryostat in 16 mm sections, and stored at —80° C. Spinal
sections were fixed in 4% paraformaldehyde, washed 3 times
in PBS and incubated for 1 hr at room temperature in blocking
buffer (1% bovine serum albumin, 0.5% Triton X in PBS).
Fixed sections were incubated overnight at 4° C. in blocking
buffer with rabbit polyclonal a-RGMa (1/500) or rabbit poly-
clonal a-p-Smadl1/5/8 (1/100), in combination with mouse
monoclonal anti-neuron-specific nuclear protein antibody
(a-NeuN, 1/1000) (Chemicon, Temecula, Calif.) to visualize
neuronal cell bodies. Sections were then washed 3 times in
PBS and incubated with cyanin 3 (Cy3)-conjugated anti-
rabbit and fluorescein isothiocyanate (FITC)-conjugated
anti-mouse secondary antibodies (1/200 each, Jackson
ImmunoResearch) for 1 hr at room temperature. Finally, sec-
tions were washed 3 times in PBS and visualized by fluores-
cence microscopy.
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Enhancing DRAGON Activity for the Treatment or Preven-
tion of a DRAGON-Related Condition

Both the BMP/GDF and the TGF-f/Activin/Nodal
branches of the TGF-f signaling pathway regulate cell pro-
liferation. Normally, TGF-f can induce an antiproliferative
gene response, arresting the cell cycle during G1. Dysfunc-
tion of these pathways has been documented in a variety of
cancers. Dysregulation of the TGF-f pathway can occur at
almost any level. The binding of the TGF-f ligands to the
various TGF-f receptors is influenced by soluble protein
inhibitors including, for example, noggin, chordin, caronte,
and cerberus. Likewise, the downstream effects of TGF-
ligand binding are transduced by a protein cascade that
includes the R-Smads, Co-Smads, and other co-factors. The
antiproliferative gene responses may involve altering the
expression of a variety of cell cycle regulators (e.g., the
cyclin-dependent kinases) or proto-oncogenes (e.g., c-Myc
and the retinoblastoma gene). Thus, an intervention that
enhances the activity associated with a TGF-f receptor-
ligand binding is a potential point for antiproliferative
therapy.

Based on DRAGON’s role as an enhancer of BMP-depen-
dent intracellular signaling, compounds or therapies which
enhance or mimic the biological activity of DRAGON may be
therapeutically useful as an antiproliferative agent. Such can-
didate compounds include the wild-type DRAGON protein
and any compound identified by one of the screening methods
described herein.

DRAGON-enhancing therapy is effective for treating or
preventing cancers such as pancreatic cancer which have
mutations that disable a component of the TGF-f signaling
pathway (Goggins et al., Cancer Res. 58: 5329-5332, 1998;
Grady etal., Cancer Res. 59: 320-324,1999; Villanueva et al.,
Oncogene 17: 1969-1978, 1998). Cancer-associated muta-
tions have been identified in the TGF-f receptors, Smad4, and
Smad2. Increased hepatocyte proliferation, reduced lung and
liver apoptosis (Tang et al. Nat. Med. 4: 802-807, 1998), and
increased mammary epithelial proliferation and ductal out-
growth in response to hormones (Barcellos-Hoff et al., Breast
Cancer Res. 2: 92-99, 2000) has been observed in TGF-p1
heterozygous null mice. These studies suggest that a normal
and functioning TGF-f signaling pathway has antiprolifera-
tive action in these cell types. Thus, DRAGON therapy is
useful for treating cancers of these tissues.

Prostate cancer may also be successfully treated by
increasing DRAGON biological activity. Recently, Masuda
et al. (Prostate, 59: 101-106, 2004) reported that BMP7
expression is highest in the normal prostate glandular tissue
and that levels trended lower during the development and
progression of prostate cancer. These findings implicate dys-
functional TGF-f signaling along the BMP/GDF pathway.
Although DRAGON does not directly interact with BMP7,
both BMP7 and BMP4 (also expressed in normal prostate)
signal through common combinations of BMP type I and type
II receptors and intracellular R-Smads. Thus, enhancing
BMP4 signaling may functionally reverse the deficit in
BMP-7 during prostate cancer progression. BMP4 signaling
is enhanced by increasing the biological activity of
DRAGON either through administration of a DRAGON pro-
tein, a compound that mimics DRAGON’s biological activ-
ity, or through gene therapy techniques. Thus, DRAGON
therapy represents an important avenue for treatment of pros-
tate cancer.

Pulmonary hypertension is another disorder that may be
treated by enhancing DRAGON activity. Familial primary
pulmonary hypertension is an autosomal dominant disorder
caused by a mutation in the BMPRII. This disease, however,
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has a low (10-20%) penetrance into the affected population,
suggesting that other endogenous mechanism may compen-
sate for the genetic defect. The histopathologic changes
observed in this autosomal disorder include smooth muscle
cell proliferation and in situ thrombosis. Similar changes are
observed in epigenetic forms of pulmonary hypertension.

The commonality among all of the diseases described
above is a defect in the BMP/GDF branch of the TGF-
signaling pathway. In view of the promiscuity of the various
BMP type I and type II receptors and the convergence of
several signaling pathways on common intracellular effectors
(e.g., the R-Smads), the common mechanism of increasing
DRAGON activity and enhancing signaling through the
remaining and functional BMP receptors and pathways can
effectively treat the genetic and epigenetic forms of each
disease.

Recent studies have demonstrated that the addition of
BMPs to damaged joints promotes healing (Edwards, et al.,
Semin. Arthritis Rheum. 31: 33-42, 2001). We have discov-
ered high levels of DRAGON expression in the knee joint of
mice (FIG. 16). In view of DRAGON’s role as a BMP co-
receptor, these findings together indicate that enhanced
DRAGON activity is also be useful for treating disorders of
cartilage and bone. The BMPs and the BMP-related factor,
GDF5/CDMP1, regulate early cartilage condensation and
developmental joint formation (Storm et al., Development
122:3969-3979, 1996, Dev. Biol. 209: 11-27,1999). Enhanc-
ing DRAGON biological activity therefore is useful for pro-
moting chondrogenesis and aiding in healing and repair. This
is supported by molecular epidemiological studies which
demonstrate that heterozygous missense mutations in noggin,
an upstream inhibitor of BMP and GDFS5, results in two
autosomal dominant disorders; proximal symphalangism and
multiple synostoses syndrome (Gong et al. Nat. Genet. 21:
302-304, 1999). Furthermore, noggin™~ mice die at or prior
to birth with extreme mesenchymal malformations including
excessive cartilage and bony fusions of the appendicular skel-
eton (Brunet et al. Science 280: 1455-1457, 1998; McMahon
etal. Genes Dev. 12: 1438-1452,1998). Mutations in CDMP1
are also associated with human hereditary disease that may be
treatable with DRAGON therapy. Loss-of-function muta-
tions in CDMP1 have been linked to chondrodysplasias
(Hunter-Thompson type acromesomelic chondrodysplasia),
autosomal dominant brachydactyly type C, and Grebe type
chondrodysplasia. Thus, a variety of genetic and epigenetic
disorders of the bone, cartilage, and joint are amenable to
treatment by increasing DRAGON activity.

BMP-7 has been shown to reduce renal injury and fibrosis
and act as a renotrophic factor. These effects of BMP-7 have
been documented in models of acute and chronic renal failure
and under conditions for prevention as well as therapy. The
renotrophic effects of BMP-7 indicate that renal disorders and
diseases may be treated by increasing DRAGON activity.
Although DRAGON does not appear to directly interact with
BMP-7, DRAGON expression is increased following an
ischemic kidney injury (FIG. 17) it is known that signaling
through BMP-2 and BMP-4, known DRAGON targets, con-
verge on common intracellular R-Smads. Thus, it is possible
to replicate the therapeutic effects of BMP-7 by increasing
DRAGON-enhanced signaling through other BMP members.
Renal diseases amenable to such treatment include ischemic
kidney disease and renal fibrosis.

DRAGON is also highly expressed in normal mouse testis
(FIG. 18) and ova. Thus, male and female infertility that is
associated with reduced levels of DRAGON expression may
be treated by increasing DRAGON activity using any of the
methods described here.
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Inhibiting DRAGON Activity for the Treatment or Prevention
of a DRAGON-Related Condition

Certain pathological conditions are characterized by over-
activation of the BMP/GDF branch of the TGF-f3 signaling
pathway and, as such, are amenable to treatment by reducing
DRAGON biological activity.

We have discovered that DRAGON is present in abnor-
mally high levels in breast cancer (FIG. 19) and colon cancer
(FIG. 20). This finding indicates that breast and colon cancer
may be treated or prevented by inhibiting the DRAGON
activity. As discussed below, another benefit of inhibiting
DRAGON activity in these forms of cancer is the reduction or
prevention in tumor metastasis. Many metastases lodge in the
bone, a tissue high in endogenous BMP activity. Thus, pre-
venting metastases is an effective method for controlling the
spread of secondary tumors which are often more invasive
than the primary ones.

BMP2 is overexpressed in non-small cell lung carcinoma
but has little or no expression in normal lung tissue (Langen-
feld et al., Carcinogenesis 24: 1445-1454, 2003). It appears
that BMP2 in lung tissue may act as a morphogen and also
stimulate proliferation, differentiation, and migration, similar
to its effects during embryogenesis. Thus, in view of DRAG-
ON’s enhancing effects on BMP2 signaling, non-small cell
lung carcinoma may be treated, or at least prevented from
metastasizing, by administration of a compound that inhibits
DRAGON activity. Such compounds include, for example, a
soluble DRAGON protein fragment (i.e.,a DRAGON protein
having a deletion of the GPI anchoring domain), or a candi-
date compound identified by any of the screening methods
described herein. Therapy may be administered systemically
(i.e., by intravenous, intramuscular, or subcutaneous injec-
tion) or by inhalation. Alternatively, DRAGON biological
activity may be inhibited using antisense gene therapy or
RNAI technology according to previously published meth-
ods.

DRAGON Analysis for Cancer Diagnosis

DRAGON expression is altered in may forms of cancer.
Accordingly, alterations in DRAGON can be used as a cancer
diagnostic or to identify patients with an increased likelihood
of developing cancer. For example, the DRAGON gene of a
patient not diagnosed as having cancer may be assessed to
determine whether the gene contains an activating or an inac-
tivating mutation. Mutations that result in inappropriately
elevated DRAGON activity indicate an increased likelihood
for developing, for example, a cancer of the breast, colon,
testicles, or ovaries. Mutations that result in reduced
DRAGON activity (e.g., inactivating mutations) indicate an
increased likelihood for developing, for example, non-small
cell lung cancer. Assessing the DRAGON gene of a patient
can be done by any suitable means known in the art including,
for example, sequencing the gene, or assessing restriction
fragment length polymorphisms, single nucleotide polymor-
phisms, RT-PCR, and in situ hybridization.

DRAGON expression can also be used to diagnose cancer.
For example, the presence of an altered DRAGON gene (i.e.,
one with an inactivating mutation or one that causes consti-
tutive activity) may be assessed in a biological sample used
for diagnosis. Such samples include, for example, tissue biop-
sies. Alternatively, for cancers characterized by altered
DRAGON protein expression, the level of soluble DRAGON
expression may be measured in a biological fluid such as
blood, seminal fluid, or saliva, and compared to the
DRAGON levels in healthy individuals. DRAGON may be
measured at either the RNA or protein level. DRAGON pro-
tein levels may be measured by any appropriate technique
known in the art including, for example, antibody-based
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assays such as ELISA or Western blotting. DRAGON RNA
levels may be measured using any techniques known in the art
including, for example, RT-PCR or Northern blotting. Biopsy
samples may also be used to diagnose a cancerous or precan-
cerous condition based on the DRAGON expression levels. In
this case, the diagnosis can be based on the assessment of the
DRAGON protein or RNA levels measured in the biopsy
tissue.

DRAGON Promotes Cellular Adhesion

Cell surface GPI-anchored proteins, including the ephrins
and tenascin, act as neuronal and non-neuronal cell adhesion
molecules, binding to molecules expressed on neighboring
cells or in the extracellular matrix. To examine whether
DRAGON has a cell adhesion role, we measured the amount
of adhesion between DRG neurons and HEK293 cells
expressing recombinant DRAGON. DRAGON expression
caused nearly a two-fold increase in the number of cultured
DRG neurons that adhered to a monolayer of DRAGON-
expressing HEK cells, compared to control HEK cells (FIGS.
21a-21d). Moreover, pretreatment of DRAGON-expressing
HEK cells with PI-PLC resulted in only basal levels of DRG
adhesion (FIGS. 21a-214).

We also compared the cellular adhesive effects of
DRAGON to other adhesion substrates. Tissue culture plates
were coated with laminin, poly-D-lysine, laminin/polylysine,
or DRAGON-Fc. DRG neurons were found to adhere most to
the DRAGON-Fc plates, compared to any other adhesion
substrate tested. Neuronal adhesion to each of the tested
substrates was significantly greater than that measured in
untreated plates.

To test whether DRAGON promotes adhesion in a
homophilic manner, we assessed the interaction between
native DRAGON and an AP-tagged DRAGON (DRAGON-
AP) that is not detected using the anti-DRAGON antibody.
Coexpression of both constructs followed by immunoprecipi-
tation demonstrated a significant physical interaction
between the two proteins, confirming that DRAGON is
capable of homophilic interactions. This finding was con-
firmed by the addition of DRAGON-GST, also undetectable
using the anti-DRAGON antibody, to HEK cells expressing
recombinant native DRAGON. Using confocal microscopy,
DRAGON-GST colocalized with the native DRAGON on the
cell surface, further proving the homophilic DRAGON inter-
action.

To determine whether the DRAGON homophilic binding
requires other molecules, we have used the previously
described bead aggregation assay, commonly used for the
analysis of cell adhesion molecules using purified proteins
(Chappuis-Flament et al., 2001; De Angelis et al., 2001). This
assay provides an in vitro cell free mimic of cell aggregation
experiments. Green fluorescence and red fluorescence beads
coated with DRAGON-Fc¢ were dissociated by sonication
before incubation in the presence of 1 mM calcium at 37° C.
and observed microscopically,. DRAGON-coated beads
aggregated after 2 and 4 hours; whereas, Fc-coated beads
(negative control) did not. DRAGON, therefore, shares a
common mechanistic feature with the cadherins—both pro-
teins mediate homophilic adhesive interaction in a calcium-
dependent manner.

In order to assess the interaction between DRAGON and
E-Cadherin, lysates of cultured primary DRG neurons were
used for immunoprecipitation and Western blotting with anti-
DRAGON and anti-Cadherin antibodies. These studies dem-
onstrated that DRAGON and E-Cadherin physically interact,
suggesting a common cellular function. Additional immuno-
precipitation studies indicate that DRAGON facilitates the
interaction between E-Cadherin and -Catenin.
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It is likely that the DRAGON-dependent adhesive contacts
are facilitated by an interaction of DRAGON with e-cadherin
and f-catenin to increase their association (FIG. 22). In view
of the pro-adhesion properties of DRAGON, therapies that
increase DRAGON activity are useful for inhibiting tumor
metastasis. Likewise, patient screening for DRAGON status
of'a malignant tumor can be used as an index of the likelihood
of metastasis. Additionally, DRAGON-enhancing therapy
can also treat lesions of epithelial cells by facilitating wound
closure through epithelial cell adhesion across the lesion site.
This therapy is useful for treating dermal lesions.

RNA Interference

RNAI is a method for decreasing the cellular expression of
specific proteins of interest (reviewed in Tuschl, Chembio-
chem 2:239-245, 2001; Sharp, Genes & Devel. 15:485-490,
2000; Hutvagner et al., Curr. Opin. Genet. Devel. 12:225-
232, 2002; and Hannon, Nature 418:244-251, 2002). In
RNAI, gene silencing is typically triggered post-transcrip-
tionally by the presence of double-stranded RNA (dsRNA) in
a cell. This dsRNA is processed intracellularly into shorter
pieces called small interfering RNAs (siRNAs). The intro-
duction of siRNAs into cells either by transfection of dssRNAs
or through expression of siRNAs using a plasmid-based
expression system is increasingly being used to create loss-
of-function phenotypes in mammalian cells. Based on the
nucleotide sequence of the DRAGON genes; various RNAi
molecules may be designed to inhibit DRAGON expression
in vivo.

Double-stranded RNA (dsRNA) molecules contain dis-
tinct strands of RNA that have formed a complex, or a single
RNA strand that has formed a duplex (small hairpin (sh)
RNA). Typically, dsRNAs are about 21 or 22 base pairs, but
may be shorter or longer if desired. dsRNA can be made using
standard techniques (e.g., chemical synthesis or in vitro tran-
scription). Kits are available, for example, from Ambion
(Austin, Tex.) and Epicentre (Madison, Wis.). Methods for
expressing dsRNA in mammalian cells are described in
Brummelkamp et al. Science 296:550-553, 2002; Paddison et
al: Genes & Devel. 16:948-958, 2002. Paul et al. Nature
Biotechnol. 20:505-508, 2002; Sui et al. Proc. Natl. Acad. Sci.
USA 99:5515-5520,2002; Yuetal. Proc. Natl. Acad. Sci. USA
99:6047-6052, 2002; Miyagishi et al. Nature Biotechnol.
20:497-500, 2002; and Lee et al. Nature Biotechnol. 20:500-
5052002, each of which is hereby incorporated by reference.

Small hairpin RNAs consist of a stem-loop structure with
optional 3' UU-overhangs. While there may be variation,
stems can range from 21 to 31 base pairs (desirably 25 to 29
bp), and the loops can range from 4 to 30 base pairs (desirably
4 to 23 base pairs). For expression of shRNAs within cells,
plasmid vectors containing, for example, either the poly-
merase [II H1-RNA or U6 promoter, a cloning site for the
stem-looped RNA insert, and a 4-5-thymidine transcription
termination signal can be employed. The Polymerase III pro-
moters generally have well-defined initiation and stop sites
and their transcripts lack poly(A) tails. The termination signal
for these promoters is defined by the polythymidine tract, and
the transcript is typically cleaved after the second uridine.
Cleavage at this position generates a 3' UU overhang in the
expressed shRNA, which is similar to the 3' overhangs of
synthetic siRNAs. Additional methods for expressing the
shRNA in mammalian cells are described in the references
cited above.

We have designed, developed, and used a lentiviral expres-
sion vector to express shRNA from the human U6 snRNA
promoter (Cellogenetics, Inc.) as shown in FIG. 23. These
data demonstrate that the DRAGON gene may be silenced
using shRNA technology.
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siRNA

Short twenty-one to twenty-five nucleotide double
stranded RN As are effective at down-regulating gene expres-
sion in vitro, for example, in mammalian tissue culture cell
lines (Elbashir et al., Nature 411: 494-498, 2001). Alterna-
tively, siRNAs can be injected into an animal, for example,
into the blood stream as described by McCaffrey et al., (Na-
ture 418: 38-9, 2002).

siRNAs have been shown to effectively downregulate viral
gene expression (Coburn et al. J. Virol. 76: 9225-31, 2002;
Bitko et al. BMC Microbiol. 1:34,2001; Ge et al., Proc. Natl.
Acad. Sci. USA 100: 2718-23, 2003; Gitlin et al., Nature 418:

430-4, 2002).
siRNAs and antisense oligonucleotides have also been
used effectively in vivo (U.S. Patent Publication

20030153519, McCaffrey et al., Nature 418: 38-39, 2002;
McCaftrey et al., Hepatology. 38:503-8, 2003).

Methods for producing siRNAs are standard in the art. For
example, the siRNA can be chemically synthesized or recom-
binantly produced. For example, short sense and antisense
RNA oligomers can be synthesized and annealed to form
double-stranded RNA structures with 2-nucleotide over-
hangs at each end (Caplen, et al. Proc. Natl. Acad. Sci. USA,
98:9742-9747, 2001; Elbashir, et al. EMBO J., 20:6877-88,
2001). These double-stranded siRNA structures can then be
directly introduced to cells, either by passive uptake or a
delivery system of choice, such as described below.

In some embodiments, siRNAs are generated by process-
ing longer double-stranded RNAs, for example, in the pres-
ence of the enzyme dicer under conditions in which the
dsRNA is processed to RNA molecules of about 21 to about
23 nucleotides.

The siRNA molecules can be purified using a number of
techniques known to those of skill in the art. For example, gel
electrophoresis can be used to purify siRNAs. Alternatively,
non-denaturing methods, such as non-denaturing column
chromatography, can be used to purify the siRNA. In addi-
tion, chromatography (e.g., size exclusion chromatography),
glycerol gradient centrifugation, affinity purification with
antibody can be used to purify siRNAs.

In preferred embodiments, at least one strand of the siRNA
molecules has a 3' overhang from about 1 to about 6 nucle-
otides in length, though it may be from 2 to 4 nucleotides in
length. More preferably, the 3' overhangs are 1-3 nucleotides
in length. In other embodiments, one strand has a 3' overhang
and the other strand is blunt-ended or also has an overhang.
The length of the overhangs may be the same or different for
each strand. In order to further enhance the stability of the
siRNA, the 3' overhangs can be stabilized against degrada-
tion. In one embodiment, the RNA is stabilized by including
purine nucleotides, such as adenosine or guanosine nucle-
otides. Alternatively, substitution of pyrimidine nucleotides
by modified analogues, e.g., substitution of uridine nucle-
otide 3' overhangs by 2'-deoxythyinidine is tolerated and does
not affect the efficiency of RNAi. The absence of a 2' hydroxyl
significantly enhances the nuclease resistance of the over-
hang in tissue culture medium and may be beneficial in vivo.

In some embodiments, the RNAi constructis in the form of
a hairpin structure. The hairpin RNAs can be synthesized
exogenously or can be formed by transcribing from RNA
polymerase III promoters in vivo. Examples of making and
using such hairpin RNAs for gene silencing in mammalian
cells are described in, for example, Paddison et al., Genes
Dev, 2002, 16:948-58; McCaffrey et al., Nature, 2002, 418:
38-9; McManus et al., RNA, 2002, 8:842-50; Yu et al., Proc
Natl. Acad. Sci. USA, 2002, 99:6047-52). Preferably, hairpin
RNAs are engineered in cells or in animals to ensure continu-
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ous and stable suppression of a desired gene. Itis known in the
art that siRNAs can be produced by processing a hairpin RNA
in the cell.

In other embodiments, a plasmid is used to deliver the
double-stranded RNA, e.g., as a transcriptional product. In
such embodiments, the plasmid is designed to include a “cod-
ing sequence” for each of the sense and antisense strands of
the RNAIi construct. The coding sequences can be the same
sequence, e.g., flanked by inverted promoters, or can be two
separate sequences each under transcriptional control of
separate promoters. After the coding sequence is transcribed,
the complementary RNA transcripts base-pair to form the
double-stranded RNA. PCT application WOO01/77350
describes an exemplary vector for bi-directional transcription
of a transgene to yield both sense and antisense RNA tran-
scripts of the same transgene in a eukaryotic cell.

Methods for the production and therapeutic administration
of' siRNAs for in vivo therapies are described in U.S. Patent
Publications: 20030180756, 2003/0157030, and
20030170891. Methods describing the successful in vivo use
of' siRNAs are described by Sang et al. (Nature Medicine 9:
347-351, 2003).

Gene Therapy

Gene therapy is another therapeutic approach for modulat-
ing DRAGON activity in a patient. Heterologous nucleic acid
molecules, encoding for example a DRAGON anti-sense
nucleic acid, a biologically active DRAGON protein, a
soluble DRAGON protein, or a DRAGON fusion protein, can
be delivered to the target cell of interest. The nucleic acid
molecules must be delivered to those cells in a form in which
they can be taken up by the cells and so that sufficient levels
of protein can be produced to provide a therapeutic benefit.

Transducing viral (e.g., retroviral, adenoviral, and adeno-
associated viral) vectors can be used for somatic cell gene
therapy, especially because of their high efficiency of infec-
tion and stable integration and expression (see, e.g., Cayou-
etteet al., Human Gene Therapy 8:423-430, 1997; Kido et al.,
Current Eye Research 15:833-844, 1996; Bloomer et al., J.
Virology 71:6641-6649, 1997; Naldini et al., Science 272:
263-267,1996; and Miyoshi et al., Proc. Natl. Acad. Sci. USA
94:10319, 1997). For example, a full length gene, or a portion
thereof, can be cloned into a retroviral vector and expression
can be driven from its endogenous promoter, from the retro-
viral long terminal repeat, or from a promoter specifically
expressed in a target cell type of interest (e.g., a neoplastic
cell). Other viral vectors that can be used include, for
example, a vaccinia virus, a bovine papilloma virus, or a
herpes virus, such as Epstein-Barr Virus (also see, for
example, the vectors of Miller, Human Gene Therapy 15-14,
1990; Friedman, Science 244:1275-1281, 1989; Eglitis et al.,
BioTechniques 6:608-614, 1988; Tolstoshev et al., Curr
Opin. Biotechnol. 1:55-61, 1990; Sharp, Lancet 337:1277-
1278, 1991, Cornetta et al., Nuc. Acid Res. Mol. Biol. 36:311-
322, 1987; Anderson, Science 226:401-409, 1984; Moen,
Blood Cells 17:407-416, 1991; Miller et al., Biotechnology
7:980-990, 1989; Le Gal La Salle et al., Science 259:988-990,
1993; and Johnson, Chest 107:77S-83S, 1995). Retroviral
vectors are particularly well developed and have been used in
clinical settings (Rosenberg et al., N. Engl. J. Med. 323:370,
1990; U.S. Pat. No. 5,399,346).

Non-viral approaches can also be employed for the intro-
duction of therapeutic nucleic acids to target cells of a patient.
For example, a nucleic acid molecule can be introduced into
a cell by administering the nucleic acid in the presence of
lipofection (Felgner et al., Proc. Natl. Acad. Sci. USA
84:7413, 1987; Ono et al., Neurosci. Lett. 17:259, 1990,
Brigham et al., Am. J. Med. Sci. 298:278, 1989; Staubinger et
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al.,, Meth. Enzymol. 101:512, 1983), asialoorosomucoid-
polylysine conjugation (Wu et al., J. Biol. Chem. 263:14621,
1988; Wuetal, J. Biol. Chem. 264:16985, 1989), or by micro-
injection under surgical conditions (Wolff et al., Science 247:
1465, 1990). Preferably the nucleic acids are administered in
combination with a liposome and protamine.

Gene transfer can also be achieved using non-viral means
involving transtection in vitro. Such methods include the use
of calcium phosphate, DEAE dextran, electroporation, and
protoplast fusion. Liposomes can also be potentially benefi-
cial for delivery of DNA into a cell. Transplantation of normal
genes into the affected tissues of a patient can also be accom-
plished by transferring a normal nucleic acid into a cultivat-
able cell type ex vivo (e.g., an autologous or heterologous
primary cell or progeny thereof), after which the cell (or its
descendants) are injected into a targeted tissue.

c¢DNA expression for use in gene therapy methods can be
directed from any suitable promoter (e.g., an endocan pro-
moter, Flt-1 promoter, or other tumor endothelial promoter
identified using the methods described herein), and regulated
by any appropriate mammalian regulatory element. For
example, if desired, an enhancers known to preferentially
direct gene expression in a tumor endothelial cell, (e.g., the
300 base pair Tie-2 intronic enhancer element described
herein) can be used to direct the expression of a nucleic acid.
The enhancers used can include, without limitation, those that
are characterized as tissue- or cell-specific enhancers. Alter-
natively, if a genomic clone is used as a therapeutic construct,
regulation can be mediated by the cognate regulatory
sequences or, if desired, by regulatory sequences derived
from a heterologous source, including any of the promoters or
regulatory elements described above.

Another therapeutic approach included in the invention
involves administration of a recombinant nuclear encoded
mitochondrial metabolism or proteasomal polypeptide, either
directly to the site of a potential or actual disease-affected
tissue (for example, by injection into the ventricles of the
brain or into the cerebrospinal fluid) or systemically (for
example, by any conventional recombinant protein adminis-
tration technique). The dosage of the administered protein
depends on a number of factors, including the size and health
of the individual patient. For any particular subject, the spe-
cific dosage regimes should be adjusted over time according
to the individual need and the professional judgment of the
person administering or supervising the administration of the
compositions. Generally, between 0.1 mg and 100 mg, is
administered per day to an adult in any pharmaceutically
acceptable formulation.

A desired mode of gene therapy is to provide the poly-
nucleotide in such a way that it will replicate inside the cell,
enhancing and prolonging the desired effect. Thus, the poly-
nucleotide is operably linked to a suitable promoter, such as
the natural promoter of the corresponding gene, a heterolo-
gous promoter that is intrinsically active in target cell, or a
heterologous promoter that can be induced by a suitable
agent.

Identification of Candidate Compounds for Treatment of
DRAGON-Related Conditions

A candidate compound that is beneficial in the treatment,
stabilization, or prevention of a DRAGON-related condition
can be identified by the methods of the present invention. A
candidate compound can be identified for its ability to affect
(increase or decrease) the biological activity of a DRAGON
protein or the expression of a DRAGON gene or to modulate
its action. Compounds that are identified by the methods of
the present invention that increase the biological activity or
expression levels of a DRAGON protein or that compensate
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for the loss of DRAGON protein activity or gene expression,
for example, due to loss of the DRAGON gene due to a
genetic lesion, can be used in the treatment or prevention of a
DRAGON-related condition. Compound that are identified
by these methods that reduce DRAGON biological activity or
expression levels may also be used as therapeutics for
DRAGON-related conditions characterized by inappropri-
ately high levels of DRAGON biological activity. Elevated
DRAGON biological activity in a disease state may result
from over-expression a DRAGON gene, elevated levels of an
activating post-translational modification of a DRAGON pro-
tein, or through interactions of other molecules or cellular
components with the DRAGON protein. A candidate com-
pound identified by the present invention can mimic, activate,
or inhibit the biological activity of a DRAGON protein, bind
a DRAGON protein, modulate (e.g., increase or decrease)
transcription of a DRAGON gene, or modulate translation of
a DRAGON mRNA.

One method for evaluating the ability of candidate com-
pounds to modulate DRAGON biological activity is by mea-
suring the binding between DRAGON and a TGF-f signaling
pathway member (e.g., a BMP ligand or a type I or type 11
BMP receptor). Compounds that modulate this binding inter-
action are expected to modulate DRAGON biological activ-
ity. Such screening methods may be performed in cell-based
or cell-free assay systems.

Another method for evaluating the ability of candidate
compounds to modulate DRAGON biological activity, in a
cell-based assay, is to provide cells that express DRAGON
and a TGF-f signaling pathway member (e.g., atype lortype
11 BMP receptor, or another intracellular pathway member),
and contact the cell with a candidate compound. Compounds
that modulate (increase or decrease) the level of TGF-f path-
way activation may be useful for treating DRAGON-related
conditions. TGF-f pathway activation may be measured in
cells expressing a heterologous reporter gene construct, as
described below, or may be measured by any other appropri-
ate technique including, for example, measuring the phos-
phorylation levels of intracellular TGF-f} signaling pathway
members such as the Smads.

Any number of methods are available for carrying out
screening assays to identify new candidate compounds that
promote or inhibit the expression of a DRAGON gene. In one
working example, candidate compounds are added at varying
concentrations to the culture medium of cultured cells
expressing one of the DRAGON nucleic acid sequences of
the invention. Gene expression is then measured, for
example, by microarray analysis, Northern blot analysis
(Ausubel et al., supra), or RT-PCR, using any appropriate
fragment prepared from the nucleic acid molecule as a
hybridization probe. The level of DRAGON gene expression
in the presence of the candidate compound is compared to the
level measured in a control culture medium lacking the can-
didate compound. A compound which promotes a change
(increase or decrease) in the expression of a DRAGON gene
is considered useful in the invention and may be used as a
therapeutic to treat a human patient.

In another working example, the effect of candidate com-
pounds may be measured at the level of DRAGON protein
production using the same general approach and standard
immunological techniques, such as Western blotting or
immunoprecipitation with an antibody specific for a
DRAGON protein. For example, immunoassays may be used
to detect or monitor the expression of at least one of the
polypeptides of the invention in an organism. Polyclonal or
monoclonal antibodies that are capable of binding to a
DRAGON protein may be used in any standard immunoassay
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format (e.g., ELISA, Western blot, or RIA assay) to measure
the level of the protein. In some embodiments, a compound
that promotes a change (increase or decrease) in DRAGON
expression or biological activity is considered particularly
useful.

Expression of a reporter gene that is operably linked to the
promoter of a TGF-p signaling pathway member, (e.g., a
promoter from a DRAGON gene, a BMP ligand gene, or a
BMP type 1 or type II receptor gene) can also be used to
identify a candidate compound for treating or preventing a
DRAGON-related condition. Assays employing the detection
of reporter gene products are extremely sensitive and readily
amenable to automation, hence making them ideal for the
design of high-throughput screens. Assays for reporter genes
may employ, for example, colorimetric, chemiluminescent,
or fluorometric detection of reporter gene products. Many
varieties of plasmid and viral vectors containing reporter gene
cassettes are easily obtained. Such vectors contain cassettes
encoding reporter genes such as lacZ/p-galactosidase, green
fluorescent protein, and luciferase, among others. A genomic
DNA fragment carrying a TGF-J signaling pathway member-
specific (e.g., DRAGON-specific) transcriptional control
region (e.g., a promoter and/or enhancer) is first cloned using
standard approaches (such as those described by Ausubel et
al. (supra). The DNA carrying the TGF-f3 signaling pathway
member transcriptional control region is then inserted, by
DNA subcloning, into a reporter vector, thereby placing a
vector-encoded reporter gene under the control of that tran-
scriptional control region. The activity of the TGF-f signal-
ing pathway member transcriptional control region operably
linked to the reporter gene can then be directly observed and
quantified as a function of reporter gene activity in a reporter
gene assay.

In one embodiment, for example, the DRAGON transcrip-
tional control region could be cloned upstream from a
luciferase reporter gene within a reporter vector. This could
be introduced into the test cells, along with an internal control
reporter vector (e.g., a lacZ gene under the transcriptional
regulation of the (f-actin promoter). After the cells are
exposed to the test compounds, reporter gene activity is mea-
sured and DRAGON reporter gene activity is normalized to
internal control reporter gene activity.

In addition, candidate compounds may be identified using
any of the DRAGON fusion proteins described above (e.g., as
compounds that bind to those fusion proteins), or by any of
the two-hybrid or three-hybrid assays described above.

A candidate compound identified by the methods of the
present invention can be from natural as well as synthetic
sources. Those skilled in the field of drug discovery and
development will understand that the precise source of test
extracts or compounds is not critical to the methods of the
invention. Examples of such extracts or compounds include,
but are not limited to, plant-, fungal-, prokaryotic-, or animal-
based extracts, fermentation broths, and synthetic com-
pounds, as well as modification of existing compounds.
Numerous methods are also available for generating random
or directed synthesis (e.g., semi-synthesis or total synthesis)
of any number of chemical compounds, including, but not
limited to, saccharide-, lipid-, peptide-, and nucleic acid-
based compounds. Synthetic compound libraries are com-
mercially available from Brandon Associates (Merrimack,
N.H.) and Aldrich Chemical (Milwaukee, Wis.). Alterna-
tively, libraries of natural compounds in the form of bacterial,
fungal, plant, and animal extracts are commercially available
from a number of sources, including Biotics (Sussex, UK),
Xenova (Slough, UK), Harbor Branch Oceangraphics Insti-
tute (Ft. Pierce, Fla.), and PharmaMar, U.S.A. (Cambridge,
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Mass.). In addition, natural and synthetically produced librar-
ies are produced, if desired, according to methods known in
the art, e.g., by standard extraction and fractionation methods.
Furthermore, if desired, any library or compound is readily
modified using standard chemical, physical, or biochemical
methods.

Synthesis of DRAGON Proteins

Nucleic acids that encode a DRAGON protein or fragment
thereof may be introduced into various cell types or cell-free
systems for expression, thereby allowing purification of the
DRAGON protein for biochemical characterization, large-
scale production, antibody production, and patient therapy.

Eukaryotic and prokaryotic DRAGON expression systems
may be generated in which a DRAGON gene sequence is
introduced into a plasmid or other vector, which is then used
to transform living cells. Constructs in which the DRAGON
c¢DNA contains the entire open reading frame inserted in the
correct orientation into an expression plasmid may be used
for protein expression. Alternatively, portions of the
DRAGON gene sequence, including wild-type or mutant
DRAGON sequences, may be inserted. Prokaryotic and
eukaryotic expression systems allow various important func-
tional domains of the DRAGON protein to be recovered, if
desired, as fusion proteins, and then used for binding, struc-
tural, and functional studies and also for the generation of
appropriate antibodies. Typical expression vectors contain
promoters that direct the synthesis of large amounts of mRNA
corresponding to the inserted DRAGON nucleic acid in the
plasmid-bearing cells. They may also include a eukaryotic or
prokaryotic origin of replication sequence allowing for their
autonomous replication within the host organism, sequences
that encode genetic traits that allow vector-containing cells to
be selected for in the presence of otherwise toxic drugs, and
sequences that increase the efficiency with which the synthe-
sized mRNA is translated. Stable long-term vectors may be
maintained as freely replicating entities by using regulatory
elements of, for example, viruses (e.g., the OriP sequences
from the Epstein Barr Virus genome). Cell lines may also be
produced that have integrated the vector into the genomic
DNA, and in this manner the gene product is produced on a
continuous basis.

Expression of foreign sequences in bacteria, such as
Escherichia coli, requires the insertion of the DRAGON
nucleic acid sequence into a bacterial expression vector. Such
plasmid vectors contain several elements required for the
propagation of the plasmid in bacteria, and for expression of
the DNA inserted into the plasmid. Propagation of only plas-
mid-bearing bacteria is achieved by introducing, into the
plasmid, selectable marker-encoding sequences that allow
plasmid-bearing bacteria to grow in the presence of otherwise
toxic drugs. The plasmid also contains a transcriptional pro-
moter capable of producing large amounts of mRNA from the
cloned gene. Such promoters may be (but are not necessarily)
inducible promoters that initiate transcription upon induc-
tion. The plasmid also preferably contains a polylinker to
simplify insertion of the gene in the correct orientation within
the vector.

Mammalian cells can also be used to express a DRAGON
protein. Stable or transient cell line clones can be made using
DRAGON expression vectors to produce DRAGON proteins
in a soluble (truncated and tagged) or membrane anchored
(native) form. Appropriate cell lines include, for example,
COS, HEK293T, CHO, or NIH cell lines.

Once the appropriate expression vectors containing a
DRAGON gene, fragment, fusion, or mutant are constructed,
they are introduced into an appropriate host cell by transfor-
mation techniques, such as, but not limited to, calcium phos-
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phate transfection, DEAE-dextran transfection, electropora-
tion, microinjection, protoplast fusion, or liposome-mediated
transfection. The host cells that are transfected with the vec-
tors of this invention may include (but are not limited to) E.
coli or other bacteria, yeast, fungi, insect cells (using, for
example, baculoviral vectors for expression in SF9 insect
cells), or cells derived from mice, humans, or other animals.
In vitro expression of a DRAGON protein, fusion, polypep-
tide fragment, or mutant encoded by cloned DNA may also be
used. Those skilled in the art of molecular biology will under-
stand that a wide variety of expression systems and purifica-
tion systems may be used to produce recombinant DRAGON
proteins and fragments thereof. Some of these systems are
described, for example, in Ausubel et al. (supra).

Once a recombinant protein is expressed, it can be isolated
from cell lysates using protein purification techniques such as
affinity chromatography. Once isolated, the recombinant pro-
tein can, if desired, be purified further by e.g., by high per-
formance liquid chromatography (HPLC; e.g., see Fisher,
Laboratory Techniques In Biochemistry And Molecular Biol-
ogy, Work and Burdon, Eds., Elsevier, 1980).

Polypeptides of the invention, particularly short DRAGON
fragments can also be produced by chemical synthesis (e.g.,
by the methods described in Solid Phase Peptide Synthesis,
2nd ed., 1984, The Pierce Chemical Co., Rockford, I11.).
Chimeric DRAGON Proteins

Also included in the invention are DRAGON proteins
fused to heterologous sequences, such as cytotoxic moieties
(e.g., saporin) and detectable markers (for example, proteins
that may be detected directly or indirectly such as green
fluorescent protein, hemagglutinin, or alkaline phosphatase),
DNA binding domains (for example, GAL4 or LexA), gene
activation domains (for example, GAL4 or VP16), purifica-
tion tags, or secretion signal peptides. These fusion proteins
may be produced by any standard method. For production of
stable cell lines expressing a DRAGON fusion protein, PCR-
amplified DRAGON nucleic acids may be cloned into the
restriction site of a derivative of a mammalian expression
vector. For example, KA, which is a derivative of pcDNA3
(Invitrogen, Carlsbad, Calif.) contains a DNA fragment
encoding an influenza virus hemagglutinin (HA). Alterna-
tively, vector derivatives encoding other tags, such as c-myc
or poly Histidine tags, can be used.

The DRAGON expression construct may be co-trans-
fected, with a marker plasmid, into an appropriate mamma-
lian cell line (e.g. COS, HEK293T, or NIH 37T3 cells) using,
for example, Lipofectamine™ (Gibco-BRL, Gaithersburg,
Md.) according to the manufacturer’s instructions, or any
other suitable transfection technique known in the art. Suit-
able transfection markers include, for example, §-galactosi-
dase or green fluorescent protein (GFP) expression plasmids
or any plasmid that does not contain the same detectable
marker as the DRAGON fusion protein. The DRAGON-ex-
pressing cells can be sorted and further cultured, or the tagged
DRAGON can be purified.

In one particular example, a DRAGON open reading frame
(ORF) was amplified by polymerase chain reaction (PCR)
using standard techniques and primers containing restriction
sites (e.g. Sal I sites). The top strand primer consisted of the
sequence 5'-ATA AGC TTA TGG GCG TGA GAG CAG
CAC CTT CC-3' (SEQ ID NO:21) and the bottom strand
primer consisted of the sequence 5'-GAA GTC GAC GAA
ACA ACT CCT ACA AAA AC-3' (SEQ ID NO:22).
DRAGON cDNA was also amplified without the signal pep-
tide and subcloned into a vector (pSecTagHis) having a strong
secretion signal peptide. The same bottom strand primer was
used (SEQ ID NO:22); however, the top strand primer was
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substituted for one having the sequence 5'-CTC AAG CTT
CAG CCT ACT CAA TGC CGA ATC-3' (SEQ ID NO:23).

In another example, DRAGON-Fc was generated by sub-
cloning DRAGON c¢DNA without its GPI anchor into the
mammalian expression vector plgplus (R&D Systems, Min-
neapolis, Minn.) in frame with the Fc portion of the human
IgG. This allowed expression of a soluble DRAGON-Fc
fusion protein. DRAGON-Fc collected in the media of stably
transfected HEK293 cells was purified using HiTrap Protein
A Affinity Columns (Amersham Biosciences) and eluted with
100 mM glycine-HCI, pH 3.0. The elution fraction was neu-
tralized with 0.3 mM Tris-HCI, pH 9. Purified DRAGON-Fc
was identified following electrophoretic separation on an
SDS-PAGE gel and immunobloting with anti-DRAGON
antibody and an anti-Fc antibody.

In another example, we generated DRAGON-alkaline
phosphatase (AP) fusion protein using the mammalian
expression vector, pAPtag-5' (Flanagan et al., Meth. Enzy-
mol. 327:198-210, 2000). When expressed in mammalian
cells (e.g. HEK 293), the DRAGON-AP fusion protein is
secreted at high levels into the culture medium and is easily
detected by the AP activity assay. The resulting DRAGON-
AP fusion protein can be used to screen expression libraries to
identify, clone, sequence, and characterize molecules which
interact with DRAGON, such as cell surface receptors or
endogenous DRAGON ligands. Of course, this method is
broadly applicable to any number of suitable tags known in
the art.

A fusion protein (chimera) of DRAGON protein or frag-
ment and a cytotoxic moiety may be used for the treatment of
cancer. A particularly useful cytotoxic moiety is saporin, a
protein isolated from Saponaria officinalis (common soap-
wort) which function as ribosomal inactivating proteins. Sev-
eral such saporins are described, for example, Barthelemy et
al. (J. Biol. Chem. 268: 6541-6548, 1993). One particularly
useful saporin is represented by Genbank Accession No.
CAA48885. When using a proteinaceous cytotoxic moiety,
such as saporin, the polynucleotide coding sequence may be
directly linked, in frame, to either the 5' or the 3' terminus of
the DRAGON coding sequence. Preferably, the cytotoxic
moiety is linked to the 5' (N-terminus) of the DRAGON
sequence in order to preserve the naturally-occurring GPI
anchoring domain at the DRAGON C-terminus. Optionally, a
polynucleotide encoding a linker peptide may be inserted
between the two sequences.

Fusion proteins containing a DRAGON protein or frag-
ment and a cytotoxic moiety (e.g., saporin) may be adminis-
tered to a patient, for the treatment of cancer, using any
appropriate technique. For example, a vector encoding the
fusion protein may be administered such that the fusion pro-
tein is expressed in the targeted cancer cells or in non-can-
cerous cells. The DRAGON moiety is used to target the fusion
protein to cancerous cells expressing a high level of a TGF-p
signaling pathway member (e.g., a type I or type II BMP
receptor) and allow the cytotoxic moiety to affect cell killing.
Alternatively, the fusion protein may be administered sys-
temically or by an intra-tumor injection.

Generation of Anti-DRAGON Antibodies

In order to prepare polyclonal antibodies, DRAGON pro-
teins, fragments, or fusion proteins containing defined por-
tions of a DRAGON protein may be synthesized in bacterial,
fungal, or mammalian cells by expression of corresponding
DNA sequences in a suitable cloning vehicle. The protein can
be purified, coupled to a carrier protein, mixed with Freund’s
adjuvant (to enhance stimulation of the antigenic response in
an innoculated animal), and injected into rabbits or other
laboratory animals. Following booster injections at bi-weekly
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intervals, the rabbits or other laboratory animals are then bled
and the sera isolated. The sera can be used directly or can be
purified prior to use by various methods, including affinity
chromatography employing reagents such as Protein
A-Sepharose, antigen-Sepharose, and anti-mouse-Ig-
Sepharose. The sera can then be used to probe protein extracts
from DRAGON-expressing tissue electrophoretically frac-
tionated on a polyacrylamide gel to identify DRAGON pro-
teins. Alternatively, synthetic peptides can be made that cor-
respond to the antigenic portions of the protein and used to
innoculate the animals. As described above, a polyclonal
antibody against mDRAGON was created using, as the
immunogenic DRAGON fragment, a polypeptide corre-
sponding to residues 388-405 of SEQ ID NO: 5. Suitable
immunogens for creating anti-hDRAGON antibodies
include, for example, the polypeptide sequences encoded by
residues 54-72, 277-294, or 385-408 of SEQ ID NO: 2.

Alternatively, monoclonal antibodies may be prepared
using DRAGON proteins described above and standard
hybridoma technology (see, e.g., Kohler et al., Nature 256:
495,1975; Kohleretal., Eur. J. Immunol. 6:511; 1976; Kohler
et al., Eur. J. Immunol. 6:292, 1976; Hammerling et al., In
Monoclonal Antibodies and T Cell Hybridomas, Elsevier,
New York, N.Y., 1981). Once produced, monoclonal antibod-
ies are also tested for specific DRAGON protein recognition
by Western blot or immunoprecipitation analysis.

Antibodies of the invention may also be produced using
DRAGON amino acid sequences that do not reside within
highly conserved regions, and that appear likely to be anti-
genic, as analyzed by criteria such as those provided by the
Peptide Structure Program (Genetics Computer Group
Sequence Analysis Package, Program Manual for the GCG
Package, Version 7, 1991) using the algorithm of Jameson and
Wolf (CABIOS 4:181, 1988).

In Situ Hybridization

The in situ hybridization methods used herein have been
described previously (Karchewski et al., J. Comp. Neurol.
413:327, 1999). Hybridization was performed on fresh fro-
zen, mounted tissue sections from mouse embryo and adult
rat dorsal root ganglia (DRG) using terminally-labeled oligo-
nucleotide probes. Probes had approximately 50% G-C con-
tent and were complementary and selective for mDRAGON
mRNAs. Probes were 3'-end labeled with **S-dATP using a
terminal transferase reaction and purified through a spin col-
umn (Qiagen). Hybridization was done under very high strin-
gency conditions such that probe annealing required at least
90% sequence identity (Dagerlind et al., Histochemistry
98:39, 1992).

Briefly, slides were brought to room-temperature and cov-
ered with a hybridization solution (50% formamide, 1xDen-
hardt’s solution, 1% sarcosyl, 10% dextran sulphate, 0.02M
phosphate buffer, 4xSSC, 200 nM DTT, 500 mg/ml salmon
sperm DNA) containing 107 cpm/ml of labeled probe. Slides
were incubated in a humidified chamber at 43° C. for 14-18
hours, then washed 4x15 min in 1xSSC at 55° C. In the final
rinse, slides were brought to room temperature, washed in
dH,0, dehydrated in ethanol, and air dried.

Autoradiograms were generated by dipping slides in NTB2
nuclear track emulsion and storing in the dark at 4° C. Prior to
conventional developing and fixation, sections were allowed
to expose for 1-3 weeks, depending on the abundance of
transcript. Unstained tissue was viewed under darkfield con-
ditions using a fiber-optic darkfield stage adapter (MVI),
while stained tissue was examined under brightfield condi-
tions. Control experiments using sense probes were con-
ducted to confirm the specificity of hybridization. The anti-
sense oligonucleotide probe is:
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mMDRAGON-specific for nucleotides
831-879 of SEQ ID NO: 5:

(SEQ ID NO: 24)
5'-TCG CAC AAA CAC TGT GGT GCC TAT GTA GCG GGC ATG

CAT CTC TAC GTA-3'.

Pharmaceutical Compositions for Increasing DRAGON Bio-
logical Activity

The present invention includes the administration of
DRAGON for the treatment or prevention of a DRAGON-
related condition. The administration of biologically active
DRAGON, regardless of its method of manufacture, restores
DRAGON biological activity in a patient lacking endogenous
activity of a DRAGON protein due to a loss or reduction of
expression or biological activity, e.g., by mutation or loss of
DRAGON gene or cells that normally express DRAGON.

Peptide agents of the invention, such as DRAGON, can be
administered to a subject, e.g., a human, directly or in com-
bination with any pharmaceutically acceptable carrier or salt
known in the art. Pharmaceutically acceptable salts may
include non-toxic acid addition salts or metal complexes that
are commonly used in the pharmaceutical industry. Examples
of acid addition salts include organic acids such as acetic,
lactic, pamoic, maleic, citric, malic, ascorbic, succinic, ben-
zoic, palmitic, suberic, salicylic, tartaric, methanesulfonic,
toluenesulfonic, or trifluoroacetic acids or the like; polymeric
acids such as tannic acid, carboxymethyl cellulose, or the
like; and inorganic acids such as hydrochloric acid, hydro-
bromic acid, sulfuric acid phosphoric acid, or the like. Metal
complexes include zinc, iron, and the like. One exemplary
pharmaceutically acceptable carrier is physiological saline.
Other physiologically acceptable carriers and their formula-
tions are known to one skilled in the art and described, for
example, in Remington’s Pharmaceutical Sciences, (19th
edition), ed. A. Gennaro, 1995, Mack Publishing Company,
Easton, Pa.

Pharmaceutical formulations of a therapeutically effective
amount of a peptide agent or candidate compound of the
invention, or pharmaceutically acceptable salt-thereof, can be
administered orally, parenterally (e.g. intramuscular, intrap-
eritoneal, intravenous, or subcutaneous injection), or by
intrathecal or intracerebroventricular injection in an admix-
ture with a pharmaceutically acceptable carrier adapted for
the route of administration.

Methods well known in the art for making formulations are
found, for example, in Remington’s Pharmaceutical Sciences
(19th edition), ed. A. Gennaro, 1995, Mack Publishing Com-
pany, Easton, Pa. Compositions intended for oral use may be
prepared in solid or liquid forms according to any method
known to the art for the manufacture of pharmaceutical com-
positions. The compositions may optionally contain sweet-
ening, flavoring, coloring, perfuming, and/or preserving
agents in order to provide a more palatable preparation. Solid
dosage forms for oral administration include capsules, tab-
lets, pills, powders, and granules. In such solid forms, the
active compound is admixed with at least one inert pharma-
ceutically acceptable carrier or excipient. These may include,
for example, inert diluents, such as calcium carbonate,
sodium carbonate, lactose, sucrose, starch, calcium phos-
phate, sodium phosphate, or kaolin. Binding agents, buffer-
ing agents, and/or lubricating agents (e.g., magnesium stear-
ate) may also be used. Tablets and pills can additionally be
prepared with enteric coatings.

Liquid dosage forms for oral administration include phar-
maceutically acceptable emulsions, solutions, suspensions,
syrups, and soft gelatin capsules. These forms contain inert
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diluents commonly used in the art, such as water or an oil
medium. Besides such inert diluents, compositions can also
include adjuvants, such as wetting agents, emulsifying
agents, and suspending agents.

Formulations for parenteral administration include sterile
aqueous or non-aqueous solutions, suspensions, or emul-
sions. Examples of suitable vehicles include propylene gly-
col, polyethylene glycol, vegetable oils, gelatin, hydroge-
nated naphalenes, and injectable organic esters, such as ethyl
oleate. Such formulations may also contain adjuvants, such as
preserving, wetting, emulsifying, and dispersing agents.

Biocompatible, biodegradable lactide polymer, lactide/
glycolide copolymer, or polyoxyethylene-polyoxypropylene
copolymers may be used to control the release of the com-
pounds. Other potentially useful parenteral delivery systems
for the proteins of the invention include ethylene-vinyl
acetate copolymer particles, osmotic pumps, implantable
infusion systems, and liposomes.

Liquid formulations can be sterilized by, for example, fil-
tration through a bacteria-retaining filter, by incorporating
sterilizing agents into the compositions, or by irradiating or
heating the compositions. Alternatively, they can also be
manufactured in the form of sterile, solid compositions which
can be dissolved in sterile water or some other sterile inject-
able medium immediately before use.

The amount of active ingredient in the compositions of the
invention can be varied. One skilled in the art will appreciate
that the exact individual dosages may be adjusted somewhat
depending upon a variety of factors, including the protein
being administered, the time of administration, the route of
administration, the nature of the formulation, the rate of
excretion, the nature of the subject’s conditions, and the age,
weight, health, and gender of the patient. Generally, dosage
levels of between 0.1 pg/kg to 100 mg/kg of body weight are
administered daily as a single dose or divided into multiple
doses. Desirably, the general dosage range is between 250
ng/kg to 5.0 mg/kg of body weight per day. Wide variations in
the needed dosage are to be expected in view of the differing
efficiencies of the various routes of administration. For
instance, oral administration generally would be expected to
require higher dosage levels than administration by intrave-
nous injection. Variations in these dosage levels can be
adjusted using standard empirical routines for optimization,
which are well known in the art. In general, the precise thera-
peutically effective dosage will be determined by the attend-
ing physician in consideration of the above identified factors.

The protein or therapeutic compound of the invention can
be administered in a sustained release composition, such as
those described in, for example, U.S. Pat. No. 5,672,659 and
U.S. Pat. No. 5,595,760. The use of immediate or sustained
release compositions depends on the type of condition being
treated. If the condition consists of an acute or subacute
disorder, a treatment with an immediate release form will be
preferred over a prolonged release composition. Alterna-
tively, for preventative or long-term treatments, a sustained
released composition will generally be preferred.

The protein or therapeutic compound of the present inven-
tion can be prepared in any suitable manner. The protein or
therapeutic compound can be isolated from naturally occur-
ring sources, recombinantly produced, or produced syntheti-
cally, or produced by a combination of these methods. The
synthesis of short peptides is well known in the art. See e.g.
Stewart et al., Solid Phase Peptide Synthesis (Pierce Chemi-
cal Co., 2d ed., 1984).

Other Embodiments

All publications and patent applications cited in this speci-
fication are herein incorporated by reference as if each indi-
vidual publication or patent application were specifically and



US 9,249,454 B2
57 58

individually indicated to be incorporated by reference. ordinary skill in the art in light of the teachings of this inven-
Although the foregoing invention has been described in some tion that certain changes and modifications may be made
detail by way of illustration and example for purposes of thereto without departing from the spirit or scope of the
clarity of understanding, it will be readily apparent to those of appended claims. Other embodiments are within the claims.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 24

<210> SEQ ID NO 1

<211> LENGTH: 436

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 1

Met Gly Val Arg Ala Ala Pro Ser Cys Ala Ala Ala Pro Ala Ala Ala
1 5 10 15

Gly Ala Glu Gln Ser Arg Arg Pro Gly Leu Trp Pro Pro Ser Pro Pro
20 25 30

Pro Pro Leu Leu Leu Leu Leu Leu Leu Ser Leu Gly Leu Leu His Ala
35 40 45

Gly Asp Cys Gln Gln Pro Thr Gln Cys Arg Ile Gln Lys Cys Thr Thr
50 55 60

Asp Phe Val Ala Leu Thr Ala His Leu Asn Ser Ala Ala Asp Gly Phe
65 70 75 80

Asp Ser Glu Phe Cys Lys Ala Leu Arg Ala Tyr Ala Gly Cys Thr Gln
85 90 95

Arg Thr Ser Lys Ala Cys Arg Gly Asn Leu Val Tyr His Ser Ala Val
100 105 110

Leu Gly Ile Ser Asp Leu Met Ser Gln Arg Asn Cys Ser Lys Asp Gly
115 120 125

Pro Thr Ser Ser Thr Asn Pro Glu Val Thr His Asp Pro Cys Asn Tyr
130 135 140

His Ser His Gly Gly Val Arg Glu His Gly Gly Gly Asp Gln Arg Pro
145 150 155 160

Pro Asn Tyr Leu Phe Cys Gly Leu Phe Gly Asp Pro His Leu Arg Thr
165 170 175

Phe Lys Asp His Phe Gln Thr Cys Lys Val Glu Gly Ala Trp Pro Leu
180 185 190

Ile Asp Asn Asn Tyr Leu Ser Val Gln Val Thr Asn Val Pro Val Val
195 200 205

Pro Gly Ser Ser Ala Thr Ala Thr Asn Lys Val Thr Ile Ile Phe Lys
210 215 220

Ala Gln His Glu Cys Thr Asp Gln Lys Val Tyr Gln Ala Val Thr Asp
225 230 235 240

Asp Leu Pro Ala Ala Phe Val Asp Gly Thr Thr Ser Gly Gly Asp Gly
245 250 255

Asp Val Lys Ser Leu His Ile Val Glu Lys Glu Ser Gly Arg Tyr Val
260 265 270

Glu Met His Ala Arg Tyr Ile Gly Thr Thr Val Phe Val Arg Gln Leu
275 280 285

Gly Arg Tyr Leu Thr Leu Ala Ile Arg Met Pro Glu Asp Leu Ala Met
290 295 300

Ser Tyr Glu Glu Ser Gln Asp Leu Gln Leu Cys Val Asn Gly Cys Pro
305 310 315 320

Met Ser Glu Cys Ile Asp Asp Gly Gln Gly Gln Val Ser Ala Ile Leu
325 330 335
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Gly His Ser Leu Pro His Thr Thr
340

Thr Leu Glu Thr Ala Ser Thr Gln
355 360

Asp Ile Tyr Phe Gln Ser Cys Val
370 375

Ala Asn Phe Thr Ala Ala Ala His
385 390

Leu His Pro Arg Lys Glu Arg Trp
405

Gly Cys Arg Asp Leu Pro Val Gly
420

Ile Met Phe Leu
435

<210> SEQ ID NO 2

<211> LENGTH: 437

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 2

Met Gly Leu Arg Ala Ala Pro Ser
1 5

Val Glu Gln Arg Arg Arg Pro Gly
20

Leu Leu Leu Leu Leu Phe Ser Leu
35 40

Gln Gln Pro Ala Gln Cys Arg Ile
50 55

Ser Leu Thr Ser His Leu Asn Ser
65 70

Phe Cys Lys Ala Leu Arg Ala Tyr
85

Lys Ala Cys Arg Gly Asn Leu Val
100

Ser Asp Leu Met Ser Gln Arg Asn
115 120

Ser Thr Asn Pro Glu Val Thr His
130 135

Ala Gly Ala Arg Glu His Arg Arg
145 150

Leu Phe Cys Gly Leu Phe Gly Asp
165

Asn Phe Gln Thr Cys Lys Val Glu
180

Asn Tyr Leu Ser Val Gln Val Thr
195 200

Ser Ala Thr Ala Thr Asn Lys Ile
210 215

Glu Cys Thr Asp Gln Lys Val Tyr
225 230

Ala Ala Phe Val Asp Gly Thr Thr
245

Ser Leu Arg Ile Val Glu Arg Glu
260

Ser

345

Cys

Phe

Ser

His

Leu
425

Ser

Leu

25

Gly

Gln

Ala

Ala

Tyr

105

Cys

Asp

Gly

Pro

Gly

185

Asn

Thr

Gln

Ser

Ser
265

Val

His

Asp

Ala

Ile

410

Gly

Ala

10

Cys

Leu

Lys

Val

Gly

90

His

Ser

Pro

Asp

His

170

Ala

Val

Ile

Ala

Gly
250

Gly

Gln

Glu

Leu

Leu

395

Phe

Leu

Ala

Pro

Leu

Cys

Asp

75

Cys

Ser

Lys

Cys

Gln

155

Leu

Trp

Pro

Ile

Val
235

Gly

His

Ala

Lys

Leu

380

Glu

Pro

Thr

Ala

Pro

His

Thr

60

Gly

Thr

Ala

Asp

Asn

140

Asn

Arg

Pro

Val

Phe
220
Thr

Asp

Tyr

Trp

Met

365

Thr

Asp

Ser

Cys

Ala

Pro

Ala

45

Thr

Phe

Gln

Val

Gly

125

Tyr

Pro

Thr

Leu

Val

205

Lys

Asp

Ser

Val

Pro

350

Pro

Thr

Val

Ser

Leu
430

Ala

Leu

30

Gly

Asp

Asp

Arg

Leu

110

Pro

His

Pro

Phe

Ile

190

Pro

Ala

Asp

Asp

Glu
270

Gly

Val

Gly

Glu

Cys

415

Ile

Ala

15

Glu

Asp

Phe

Ser

Thr

95

Gly

Thr

Ser

Ser

Lys

175

Asp

Gly

His

Leu

Ala
255

Met

Tyr

Lys

Asp

Ala

400

Gly

Leu

Glu

Leu

Cys

Val

Glu

80

Ser

Ile

Ser

His

Tyr

160

Asp

Asn

Ser

His

Pro
240

Lys

His
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Ala

Leu

Glu

305

Arg

Leu

Thr

Phe

Thr

385

Arg

Arg

Leu

<210>
<211>
<212>
<213>

<400>

Arg

Thr

290

Ser

Ile

Pro

Ala

Gln

370

Ala

Lys

Gly

Ile

Tyr

275

Leu

Gln

Asp

Arg

Asn

355

Ser

Ala

Glu

Gly

Val
435

Met Arg Arg

1

Asn

Cys

Lys

Ser

65

Cys

Gln

Phe

Thr

Ala
145
Gly

Glu

Ile

Asp

Gly

Tyr

50

Leu

Ser

Thr

Leu

Thr

130

Ser

Phe

Val

His

Asn

Gly

Ser

Cys

Leu

Cys

Val

115

Val

Leu

Val

Leu

Ser

Ile

Ala

Asp

Asp

Thr

340

Thr

Cys

Ala

Arg

Ser

420

Phe

PRT

SEQUENCE :

His

Ser

20

Lys

Gly

Tyr

Phe

Ser

100

Gln

Thr

Arg

Asp

Trp

180

Ser

Gly

Ile

Leu

Gly

325

Ser

Gln

Val

His

Trp

405

Asp

Leu

SEQ ID NO 3
LENGTH:
TYPE :
ORGANISM: C.

420

Trp

His

Phe

Asp

Phe

Gly

Glu

Val

Lys

Tyr

Gly

165

Gln

Ile

Thr

Arg

Gln

310

Gln

Leu

Cys

Phe

Ser

390

His

Leu

Thr

Met

295

Leu

Gly

Val

His

Asp

375

Ala

Ile

Ser

elegans

Lys

Val

Glu

Thr

Asn

70

Asp

Glu

Thr

Val

Glu

150

Thr

Asp

His

Glu

Lys

Leu

Val

55

Pro

Pro

Gly

Asn

Thr

135

Ala

Thr

Asp

Ile

Val

280

Pro

Cys

Gln

Gln

Glu

360

Leu

Leu

Phe

Val

Phe

Arg

Ser

40

Trp

Pro

His

Ala

Arg

120

Val

Ser

Phe

Asn

Arg

Phe

Glu

Val

Val

Ala

345

Lys

Leu

Glu

Pro

Ser
425

Glu

Lys

25

Glu

Arg

Pro

Leu

Arg

105

Asn

Leu

Ser

Gln

Tyr
185

Arg

Val

Asp

Asn

Ser

330

Trp

Met

Thr

Asp

Ser

410

Leu

Cys

10

His

Lys

Gly

Ser

Ile

Pro

Val

Val

Asp

Met

170

Val

Gln

Arg

Leu

Gly

315

Ala

Pro

Pro

Thr

Val

395

Ser

Gly

Glu

Val

Asn

Arg

Asn

75

Met

Leu

Arg

Arg

Glu

155

Thr

Glu

Gly

Gln

Ala

300

Cys

Ile

Gly

Val

Gly

380

Glu

Gly

Leu

Lys

Asn

Leu

Pro

60

Arg

Phe

Val

Gly

Lys

140

Glu

Ser

Ile

Pro

Val

285

Met

Pro

Leu

Tyr

Lys

365

Asp

Ala

Asn

Thr

Trp

Thr

Ala

45

Asn

Lys

Asn

Asp

Glu

125

His

Gly

Lys

Ala

Tyr

Gly

Ser

Leu

Gly

Thr

350

Asp

Ala

Leu

Gly

Cys
430

Glu

Gly

30

Ala

Phe

Leu

Gly

Asn

110

Ala

Asn

Leu

His

Leu
190

Leu

Arg

Tyr

Ser

His

335

Leu

Ile

Asn

His

Thr

415

Leu

Ser

15

His

Lys

Leu

Lys

Ser

95

Arg

Leu

Cys

Pro

Ser
175

His

Ser

Tyr

Glu

Glu

320

Ser

Glu

Tyr

Phe

Pro

400

Pro

Ile

Cys

Ile

Phe

Lys

Tyr

80

Val

Tyr

Thr

Thr

Arg

160

Val

Phe

Val



63

US 9,249,454 B2

-continued

64

Arg

225

Glu

Arg

Glu

Ile

305

Gly

Pro

Thr

Ala

Leu

385

Phe

Val

210

Glu

Leu

Val

Gln

Gly

290

Ser

Leu

Lys

Ala

Thr

370

Lys

Asn

Leu

195

Arg

Leu

Ala

His

Lys

275

Val

Gly

Arg

Pro

Leu

355

Thr

Ile

Phe

Leu

Ala

Cys

Val

Val

260

Val

Phe

Ser

Arg

Lys

340

Gln

Val

Phe

Phe

Pro
420

Pro

Trp

Glu

245

Pro

Leu

Phe

Gln

Gly

325

Lys

Ser

Glu

Ala

Arg
405

<210> SEQ ID NO 4

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Danio rerio

PRT

<400> SEQUENCE:

Met
1
Ile

Thr

Lys

Ser

Pro

Gly

Ser

Pro

Cys

50

Asp

Cys

Ser

Lys

Cys
130

Met

Pro

Ile

Thr

Gly

Thr

Ala

Asp
115

Asn

Gly

Val

20

Gly

Thr

Phe

Gln

Met
100

Gly

Tyr

436

4

Arg

5

Leu

Glu

Asp

Asp

Arg

85

Leu

Pro

His

Thr

Ser

230

Met

Lys

Pro

Asp

Val

310

Gln

Phe

Phe

Arg

Leu

390

Tyr

Ala

His

Ser

Phe

Thr

70

Thr

Gly

Thr

Ser

Ile

215

Gly

Thr

Lys

Ile

Ala

295

Thr

Ala

His

Glu

Cys

375

Thr

Asp

Gly

Leu

Gln

Val

55

Glu

Ala

Ile

Ser

Arg
135

200

Val

Cys

Lys

Val

Tyr

280

Ser

Ser

Ile

Leu

Ala

360

Ile

Asp

Ile

Ser

Leu

Val

Ser

Phe

Lys

Thr

Ser

120

His

Leu

Arg

Lys

Ala

265

Asp

Ala

Leu

Ile

Cys

345

Arg

Ser

Asn

Leu

Tyr

Val

25

Gln

Leu

Cys

Ser

Asp
105

Thr

His

Glu

Lys

Phe

250

Glu

Arg

Arg

Gln

Leu

330

Thr

Arg

Ala

Cys

Cys
410

Tyr

10

Leu

Thr

Thr

Lys

Cys

90

Leu

His

His

Thr

Ser

235

Ala

Glu

Cys

Lys

Asn

315

Glu

Ala

Gly

Pro

Glu

395

Asp

Pro

Cys

Pro

Ser

Ala

75

Arg

Met

Pro

His

Gly

220

Ser

Glu

Thr

Lys

Ile

300

Cys

Arg

Thr

Leu

Arg

380

Glu

Thr

Gly

Thr

Gln

His

60

Leu

Gly

Ser

Val

Val
140

205

Gly

Arg

Cys

Thr

Asp

285

Leu

Lys

Tyr

Gly

Arg

365

Asp

Thr

His

Ala

Leu

Cys

45

Leu

Arg

Asn

Gln

Ile

125

Ser

Asp

Ile

Tyr

Phe

270

Ile

Asn

Ala

Phe

Gly

350

Arg

Pro

Lys

Ser

Glu

Ser

30

Arg

Asn

Ala

Leu

Arg
110

Pro

Arg

Val

Pro

Arg

255

Leu

Gly

Phe

Arg

Ser

335

Gln

Gly

Thr

Lys

Gln
415

Arg

15

Ser

Ile

Pro

Tyr

Val
95
Asn

Ile

Phe

Ala

Ala

240

Arg

Ser

Asn

Arg

Arg

320

Ala

Val

Gln

Asp

Tyr

400

Asn

Leu

Leu

Gln

Ser

Ser

80

Phe

Cys

Glu

Gly
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Thr Gly Val
145

Phe Gly Asp

Lys Val Glu

Gln Val Thr

195

Asn Lys Ile
210

Lys Val Tyr
225

Gly Thr Ile

Glu Lys Ser

Val Thr Ile

275

Arg Met Pro
290

Gln Leu Cys
305

Gly His Leu

Gln Gln Gln

Glu Ser Ala

355

Tyr Phe His
370

Phe Thr Thr
385

Pro Lys Lys

Ser Pro Phe

Ala Val Leu
435

<210> SEQ I
<211> LENGT.
<212> TYPE:

Pro Glu His Pro Arg
150

Pro His Leu Arg Thr

165

Gly Ala Trp Pro Leu

180

Asn Val Pro Val Val

200

Thr Ile Ile Phe Lys

215

Gln Ala Val Thr Asp
230

Ser Gly Gly Asp Ser

245

Pro Gly Arg His Val

260

Ile Ile Arg Gln Gln

280

Glu Glu Leu Ala Met

295

Met Asn Gly Cys Pro
310

Gln Leu Pro Val Leu

325

Gln Pro Arg Val Glu

340

Ser Arg Arg Cys Arg

360

Ser Cys Val Phe Asp

375

Ala Ala Tyr Asn Ala
390

Glu Arg Trp Gln Ile

405

Ser Leu Leu Leu Thr

420

Leu

D NO 5
H: 1332
DNA

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 5

acgagacctyg

gecgeegecy

cegetgttyge

cctactcaat

aactctgeeg

tgcacccage

ggcatcagtyg

catggacggg

gggctgagca

tgctgetget

gccgaateca

ctgatgggtt

gaacttcaaa

atctcatgag

catgggcgtg

gtcecgecge

gctcagectt

gaaatgtacc

tgactctgag

ggcetgecga

ccagaggaac

Leu

Phe

Ile

185

Tyr

Pro

Asp

Glu

Glu

265

Gly

Ala

Thr

Gly

Ala

345

Asp

Leu

Leu

Phe

Ala
425

Met

Lys

170

Asp

Gly

Tyr

Leu

Thr

250

Ile

Arg

Phe

Ser

Leu

330

Gln

Gln

Leu

Lys

Pro

410

Leu

Tyr

155

Asp

Asn

Ser

Gln

Pro

235

Arg

His

Tyr

Asp

Glu

315

Gln

Arg

Leu

Thr

Asp

395

Asn

Leu

agagcagcac

ccegggetet

gggetgetee

acagacttecg

ttttgcaagyg

ggcaacctygg

tgttccaagyg

Leu Phe Cys

Gln Phe Gln

Asn Tyr Leu

190

Ser Ala Thr
205

Glu Cys Thr
220

Ala Ala Phe

Ser Ile Trp

Ala Ala Tyr
270

Leu Thr Leu
285

Glu Thr Gln
300

Arg Ile Asp

Gln Ala Gly

Gly Val Phe
350

Glu Val Lys
365

Thr Gly Asp
380

Met Glu Thr

Ser Ala Ser

Ser Ser Phe
430

cttectgege
ggcegeegte
acgcaggtga
tggccctgac
cacttegege
tgtaccattce

atggacccac

Gly Leu
160

Thr Cys
175

Ser Val

Ala Thr

Asp Gln

Val Asp
240

Ile Leu
255

Ile Gly

Ala Val

Asp Leu

Gln Glu
320

Phe Gln
335

Thr Leu

Asp Ile

Ala Asn

Leu His
400

Arg Leu
415

Leu Ile

cgecegeceae
gececegecg
ttgccaacag
tgcacacctyg
ctatgetgge
tgctgtgtta

atcttccacce

60

120

180

240

300

360

420
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aatccggaag tgacccatga cccctgtaac taccacagece acgggggagt cagagaacat 480
gggggaggygyg accagagacc tcccaattac cttttetgtg gettgtttgg agaccctceac 540
cttcgaactt tcaaggatca cttccagaca tgcaaagtgg aaggggcctyg gccactcata 600
gacaacaatt acctttcggt tcaagtgacg aacgtgectg tggtcccegg gtecagtgea 660
actgctacaa acaaggtcac gattatcttc aaagcacage acgagtgcac ggatcagaag 720
gtgtaccaag ctgtgacaga tgacctgccg gecgectttyg tagatggcac caccagtggyg 780
ggggacggtyg acgtgaagag tcttcacatc gtggagaagg agagtggcecg ctacgtagag 840
atgcatgcce gctacatagg caccacagtg tttgtgcgac agetgggteg ctacctaace 900
ctegetatee ggatgeccga agacttggece atgtcectatyg aggaaagcca ggacttgcag 960
ctgtgtgtga atggctgccc catgagtgaa tgcattgatg atggacaagg ccaggtgtct 1020
gctatcctgg ggcacagect gcectcacacce acctcagtge aggcctggece tggctacaca 1080
ctggagactg ccagcaccca atgccacgag aagatgccgg tgaaggacat ctatttccaa 1140
tcgtgtgtet tecgacctget caccactggt gatgccaact ttactgctgce agcccacagt 1200
gecttggagyg atgtggaage gctgcaccca agaaaggaac gctggcacat cttccccage 1260
agctgtgggg gatgtaggga tttgcctgtt ggtcecttggac tcacatgctt gatccttatt 1320
atgtttttgt ag 1332
<210> SEQ ID NO 6
<211> LENGTH: 3946
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 6
acgacacctg catggacggg catgggettg agagcagcac cttecagege cgcecgetgece 60
geegecgagyg ttgagcageg ccgecgecce gggcetetgee ceccgecget ggagetgetg 120
ctgctgetge tgttcagect cgggetgete cacgcaggtyg actgccaaca gccageccaa 180
tgtcgaatce agaaatgcac cacggacttce gtgtccctga cttcectcacct gaactctgece 240
gttgacggcet ttgactctga gttttgcaag gecttgegtyg cctatgetgg ctgcacccag 300
cgaacttcaa aagcctgccg tggcaacctg gtataccatt ctgecgtgtt gggtatcagt 360
gacctcatga gccagaggaa ttgttccaag gatggaccca catcctctac caaccccgaa 420
gtgacccatyg atccttgcaa ctatcacage cacgctggag ccagggaaca caggagaggg 480
gaccagaacc ctcccagtta ccttttttgt ggettgtttg gagatcctca cctcagaact 540
ttcaaggata acttccaaac atgcaaagta gaaggggcct ggccactcat agataataat 600
tatctttcag ttcaagtgac aaacgtacct gtggtccctyg gatccagtge tactgctaca 660
aataaggtca ctattatctt caaagcccac catgagtgta cagatcagaa agtctaccaa 720
getgtgacag atgacctgece ggccgecttt gtggatggeca ccaccagtgg tggggacage 780
gatgccaaga gcctgegtat cgtggaaagg gagagtggec actatgtgga gatgcacgece 840
cgctatatag ggaccacagt gtttgtgegg caggtgggte gctacctgac ccttgecate 900
cgtatgectyg aagacctgge catgtcectac gaggagagec aggacctgca getgtgegtg 960
aacggctgcece cecctgagtga acgcatcgat gacgggcagg gccaggtgte tgccatcctg 1020
ggacacagcc tgcctcecgcac ctecttggtg caggecctgge ctggctacac actggagact 1080
gccaacactc aatgccatga gaagatgcca gtgaaggaca tctatttcca gtectgtgte 1140
ttcgacctge tcaccactgg tgatgccaac tttactgecg cagcccacag tgccttggag 1200
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gatgtggagg ccctgcacce aaggaaggaa cgctggcaca ttttceccccag cagtggcaat 1260
gggactcecece gtggaggcag tgatttgtct gtcagtctag gactcacctg cttgatcectt 1320
atcgtgtttt tgtaggggtt gtcttttgtt ttggtttttt attttttgtce tataacaaaa 1380
ttttaaaata tatattgtca taatatattg agtaaaagag tatatatgta tataccatgt 1440
atatgacagg atgtttgtcc tgggacaccce accagattgt acatactgtg tttggctgtt 1500
ttcacatatg ttggatgtag tgttctttga ttgtatcaat tttgttttgc agttctgtga 1560
aatgttttat aatgtccctg cccagggacce tgttagaaag cactttattt tttatatatt 1620
aaatatttat gtgtgtgctt ggttgatatg tatagtacat atacacagac atccatatgc 1680
agcgtttect ttgaaggtga ccagttgttt gtagctattc ttggctgtac cttectgecce 1740
tttceccattg ctactgattt gecacggtgt gcagcectttta ctcecgccacct tecggtggag 1800
ctgcctegtt cectttgaact atgccctcac ccttectgece tcacttgatt tgaaagggtce 1860
gttaactctc ccttacaggt gctttgactc ttaaacgctg atcttaagaa gctctcttcea 1920
tctaagagct gttacttttt cagaaggggg ggtattattg gtattctgat tactctcaat 1980
tctaattgtt atatatttga gcccatacag tgtattaggt tgaaccatag aaactgctat 2040
tctegtaggt caaaagggtc tagtgatgga agttttgtag ataagtacca ggcatctcag 2100
taactcctag actttttete atcccatgce ccgttttaaa ttgtcagttt tecctcectgac 2160
tcttetgtgt taaaacatga aactataaat ttagtaatta tcatgeccttg ctctttttaa 2220
tctatatgac tgatgcaagc ccctcttcett aaccgtttet tggctttgag cccagaaaca 2280
cagctcteccee tgtctccaac tccagtaage cctectcage ctcaccttac gaatccaaag 2340
aactggggtt tgttaggttc tttctctaat gtagaggccc agatcccatc acaaagtttt 2400
tcattcttece ttgtccacca tgatcttcat cacagtcttt gatatgtctg catgcaaagt 2460
ggaacagagt tgggcggcaa tgacagaaga gcttceccttgg cctgactegg tgtgcggceca 2520
cttcggcact gecttaatcca gatattecttg ttaactaage attgtgctte ccaggtggtce 2580
tgaagtcagg tactctctcect ctcaacacct gtagttgaat atgatttggt cagttgctcg 2640
ttgtaacttg gagaaattcc tataaagtaa gatctccttg cctcecttceccat ccattgttgg 2700
caccececttyg caaaaggaaa agaacagcaa aagtcaggag cagtaatctyg agaaagttaa 2760
ctccaggata ggtaggtttce tattgttata gctagatgta aatctttagt tccaagaagt 2820
gatagagttt ctgctttaat aatttgttga taagtttaca taaacagaaa taaaagatac 2880
tatctttacc gtagtagttc aggccaagat tatgcttagt tttagttctce caggtagtta 2940
cttttgccat gtcctattga tcagtgacac tgccagaggce ccataccggce aagaggaaga 3000
ggacgtcatt ttgtaaagtt taacttctta gcgaactgat gtgccaccca gtcacagagt 3060
ggagttgtga attcatgtag aggtggcaaa cctctacctt gtgttgatga gagaataatc 3120
ttgggcagtc tgggaaaata aggaaggcat ctccttcectta ctcatggaga ttcaactata 3180
gagagttgaa acctaaaccc gccttecttt tatagaaget ggactagaga cggactgacce 3240
atcagctctg aactgtgget ttttttgttce acctatgatg ccatgtacca aattcagaag 3300
ctatcgttaa taatttgttt tataattgag tagtacaagc gaggaaaaaa tacggaggat 3360
aaccactatt tttgtgcaaa tagtatgaaa gtgaagtaaa agcaatagaa gaaatttcta 3420
taggatctgg gtttagagtyg tgtatcatta ataaatatac ctttgctctt ttcagggaaa 3480
ataacaacca cccttactga tagttgggaa aagaagattg ggttattttg ccatatcatt 3540
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tagctggaag tgacatttaa aagcaccctg catcactagt aatagtgtat tttgctattce 3600
tgcccttgta atcggtgtcec ctgtaaaaca atccccacag attactttca gaaatagatg 3660
tatttctcta cgtaagggcc aggtttattt tctecttttt tgagatttct agaaaaaatg 3720
ctgcttgcac atgttggttc ttgaaacctt agctagaaga atttcaggtc ataccaacat 3780
gtggataggc tatagctgtt cagaggtctc ctgggggagce ttaaaacggg ggaaacactg 3840
gttttcacag atgctccaca tggctgtectt taaaagactc aaaacttttt tttgtcctcet 3900
ttgttatgct tggaagctcc cccceccecccca acagtgtgte gagtcet 3946
<210> SEQ ID NO 7
<211> LENGTH: 1311
<212> TYPE: DNA
<213> ORGANISM: Danio rerio
<400> SEQUENCE: 7
atgggtatgg ggagagcagg atcttactac ceceggggcetyg agegectcat ctctecggta 60
ctacatctac tagtgetgtg caccctetece teectcacte ccataggtga gagtcaggtt 120
cagactccte agtgecgcat ccagaagtge actaccgact tegtttcetet gacgtceccat 180
ctgaacccat cactggatgg ctttgatacg gagttctgea aggcgctgeg agectattceg 240
gectgtacge agegtacage caagagctgce agggggaacce tggtcttceca ctecgcecatg 300
ctgggcatca ctgaccttat gagccagagg aactgctcca aagacgggece cacgtectcee 360
acccatcceg tcatcectat cgagecttge aactatcaca gecggcatca ccaccacgtg 420
tegeggtteg ggacgggggt geccgaacac cctegtcetga tgtacctgtt ctgtggectg 480
tteggggace ctcatcttag gacttttaaa gaccagttte aaacgtgtaa agttgaaggg 540
gettggecte tcattgataa caactacctg tcagtgcagg tcactaatgt tccagtggtt 600
tatggatcca gtgccacagce taccaataag atcacaataa tcttcaaacc ataccaagaa 660
tgcacagacc agaaggtcta ccaggccgtg acagacgacce ttcecagcecge cttegtagac 720
ggcaccatca gcggaggtga cagtgagacce cgcagcatct ggatcctgga gaaatctecce 780
ggtecggcatyg tagaaatcca cgctgegtac atcggggtca ccatcatcat acgccagcag 840
ggcegttace tgacactage tgtgcgaatg cctgaggaac tggccatgge ctttgatgaa 900
acgcaggacce tgcagetgtg catgaacgge tgccccacat cagagcgcat tgaccaggag 960
ggacacctecce agectgcccgt gcttggecte cagcaggctg gcetttcagca gcagcagcag 1020
cccagggtgg aagcccagag aggcgtette actcecttgaaa gtgcctccag gaggtgcagg 1080
gaccaactgg aggtgaagga catctatttc cactcctgtg tgtttgacct gctcactaca 1140
ggagatgcca acttcaccac tgccgcctac aatgccctga aagacatgga gacactgcat 1200
cccaaaaagg agcgctggca gatttteccce aactcecggett ccaggctgag tectttttca 1260
ttgcttetca ctgcactget gagcagcectte cttatcgetg tgcttttata a 1311

<210> SEQ ID NO 8
<211> LENGTH: 450

<212> TYPE:

PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 8

Met Gln Pro Pro Arg Glu Arg Leu Val Val Thr Gly Arg Ala Gly Trp

1

5

10

15

Met Gly Met Gly Arg Gly Ala Gly Arg Ser Ala Leu Gly Phe Trp Pro

20

25

30
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74

Thr

Lys

His

65

Ser

Leu

Leu

Cys

145

Thr

Arg

Asn

Ala

Glu

225

Ala

Asn

Gln

Tyr

Glu

305

Leu

Thr

Glu

Pro

Thr
385

Thr

Arg

Leu

Ile

50

Ala

Tyr

Ala

Asn

Pro

130

His

His

Phe

Tyr

Ala

210

Cys

Ala

Ser

Ala

Leu

290

Asp

Asn

Gly

Thr

Val

370

Gly

Lys

Arg

Pro

Ala

Leu

Pro

Ala

Tyr

Cys

115

Pro

Tyr

Cys

Gln

Leu

195

Thr

Val

Phe

Leu

Lys

275

Thr

Trp

Gln

Ala

Phe

355

Glu

Asp

Met

Asp

Leu
435

Phe

Lys

Ala

Leu

His

100

Ser

Ala

Glu

Gly

Thr

180

Asn

Ala

Asp

Val

Lys

260

Tyr

Phe

Asp

Gln

Arg

340

Pro

Asp

Val

Leu

Leu
420

Leu

Leu

Cys

Ser

Cys

85

Ser

Lys

Gly

Lys

Leu

165

Cys

Val

Thr

Gln

Asp

245

Ile

Ile

Ala

Ser

Ile

325

Arg

Tyr

Leu

Asn

His
405

Pro

Gly

Leu

Asn

Asp

70

Thr

Ala

Asp

Asp

Ser

150

Phe

Lys

Gln

Ser

Lys

230

Gly

Thr

Gly

Val

Gln

310

Asp

Leu

Glu

Tyr

Phe
390
Ser

Gly

Ala

Cys

Ser

55

Asp

Arg

Val

Gly

Ser

135

Phe

Gly

Val

Val

Lys

215

Val

Ser

Glu

Thr

Arg

295

Gly

Phe

Ala

Thr

Tyr

375

Thr

Asn

Arg

Leu

Ser

40

Glu

Thr

Arg

His

Pro

120

Gln

His

Asp

Gln

Thr

200

Leu

Tyr

Lys

Lys

Thr

280

Met

Leu

Gln

Ala

Ala

360

Gln

Leu

Lys

Ala

Val
440

Phe

Phe

Pro

Thr

Gly

105

Thr

Glu

Lys

Pro

Gly

185

Asn

Thr

Gln

Asn

Val

265

Ile

Pro

Tyr

Ala

Ala

345

Val

Ala

Ala

Asp

Ala

425

Pro

Pro

Trp

Glu

Ala

90

Ile

Ser

Arg

His

His

170

Ala

Thr

Ile

Ala

Gly

250

Ser

Val

Glu

Leu

Phe

330

Ser

Ala

Cys

Ala

Lys
410

Ala

Leu

Ala

Ser

Phe

75

Arg

Glu

Gln

Ser

Ser

155

Leu

Trp

Pro

Ile

Glu

235

Gly

Gly

Val

Glu

Cys

315

His

Pro

Lys

Val

Tyr
395
Leu

Gly

Leu

Ala

Ala

60

Cys

Thr

Asp

Pro

Asp

140

Ala

Arg

Pro

Val

Phe

220

Met

Asp

Gln

Arg

Val

300

Leu

Thr

Ala

Cys

Phe

380

Tyr

His

Leu

Ala

Thr

45

Thr

Ala

Cys

Leu

Arg

125

Ser

Thr

Thr

Leu

Leu

205

Lys

Asp

Lys

His

Gln

285

Val

Arg

Asn

Pro

Lys

365

Asp

Ala

Leu

Pro

Leu
445

Ser

Ser

Ala

Arg

Met

110

Leu

Pro

Pro

Phe

Ile

190

Pro

Asn

Glu

His

Val

270

Val

Asn

Gly

Ala

Thr

350

Glu

Leu

Leu

Tyr

Leu

430

Leu

Pro

Gly

Leu

Gly

95

Ser

Arg

Glu

Asn

Thr

175

Asp

Gly

Phe

Leu

Gly

255

Glu

Gly

Ala

Cys

Glu

335

Ala

Lys

Leu

Glu

Glu
415

Ala

Pro

Cys

Ser

Arg

80

Asp

Gln

Thr

Ile

Tyr

160

Asp

Asn

Ser

Gln

Pro

240

Ala

Ile

Arg

Val

Pro

320

Gly

Pro

Leu

Thr

Asp

400

Arg

Pro

Val
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Phe Cys
450

<210> SEQ ID NO 9

<211> LENGTH: 426

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 9

Met Gly Glu Pro Gly Gln Ser Pro Ser Pro Arg Ser Ser His Gly Ser
1 5 10 15

Pro Pro Thr Leu Ser Thr Leu Thr Leu Leu Leu Leu Leu Cys Gly Leu
20 25 30

Ala His Ser Gln Cys Lys Ile Leu Arg Cys Asn Ala Glu Tyr Val Ser
35 40 45

Ser Thr Leu Ser Leu Arg Gly Gly Gly Ser Ser Gly Ala Leu Arg Gly
50 55 60

Gly Gly Gly Gly Gly Arg Gly Gly Gly Val Gly Ser Gly Gly Leu Cys
Arg Ala Leu Arg Ser Tyr Ala Leu Cys Thr Arg Arg Thr Ala Arg Thr
85 90 95

Cys Arg Gly Asp Leu Ala Phe His Ser Ala Val His Gly Ile Glu Asp
100 105 110

Leu Met Ile Gln His Asn Cys Ser Arg Gln Gly Pro Thr Ala Pro Pro
115 120 125

Pro Pro Arg Gly Pro Ala Leu Pro Gly Ala Gly Ser Gly Leu Pro Ala
130 135 140

Pro Asp Pro Cys Asp Tyr Glu Gly Arg Phe Ser Arg Leu His Gly Arg
145 150 155 160

Pro Pro Gly Phe Leu His Cys Ala Ser Phe Gly Asp Pro His Val Arg
165 170 175

Ser Phe His His His Phe His Thr Cys Arg Val Gln Gly Ala Trp Pro
180 185 190

Leu Leu Asp Asn Asp Phe Leu Phe Val Gln Ala Thr Ser Ser Pro Met
195 200 205

Ala Leu Gly Ala Asn Ala Thr Ala Thr Arg Lys Leu Thr Ile Ile Phe
210 215 220

Lys Asn Met Gln Glu Cys Ile Asp Gln Lys Val Tyr Gln Ala Glu Val
225 230 235 240

Asp Asn Leu Pro Val Ala Phe Glu Asp Gly Ser Ile Asn Gly Gly Asp
245 250 255

Arg Pro Gly Gly Ser Ser Leu Ser Ile Gln Thr Ala Asn Pro Gly Asn
260 265 270

His Val Glu Ile Gln Ala Ala Tyr Ile Gly Thr Thr Ile Ile Ile Arg
275 280 285

Gln Thr Ala Gly Gln Leu Ser Phe Ser Ile Lys Val Ala Glu Asp Val
290 295 300

Ala Met Ala Phe Ser Ala Glu Gln Asp Leu Gln Leu Cys Val Gly Gly
305 310 315 320

Cys Pro Pro Ser Gln Arg Leu Ser Arg Ser Glu Arg Asn Arg Arg Gly
325 330 335

Ala Ile Thr Ile Asp Thr Ala Arg Arg Leu Cys Lys Glu Gly Leu Pro
340 345 350

Val Glu Asp Ala Tyr Phe His Ser Cys Val Phe Asp Val Leu Ile Ser
355 360 365



77

US 9,249,454 B2

-continued

78

Gly Asp Pro

370

Arg Ala Phe

385

Ala Gly Val

Gly Leu Phe

Asn Phe Thr Val Ala

375

Leu Pro Asp Leu Glu
390

Pro Leu Ser Ser Ala

405

Val Leu Trp Leu Cys

420

<210> SEQ ID NO 10
<211> LENGTH: 2145

<212> TYPE:

DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 10

attgcagcca

ctggagcaga

tgaccteggyg

actaggtagg

gtatggggga

taagcaccct

tcegetgeaa

acacgccacyg

getectacge

actccgeggt

ccacggecte

cceccagatee

tcttgeatty

catgcegegt

ccagctecee

ttaaaaacat

ctgcagectt

ccattcaaac

ctataatcgt

tggCanggC

gccagegact

gaaggttgtg

atgtttcagt

ccecgagtett

cecctetetec

gcattcagta

tgatgtgaga

tactcaatca

acagggtttt

gteceggggga

ccaacagaat

aaacaccaaa

aggctectca

tegaggecgg

cactcteetyg

tgccgagtac

tggaggcgge

tctetgeacy

gecatggcata

gececeggece

ctgtgactat

tgcttecttt

ccaaggagcet

ggtagcatcyg

gcaggaatge

tgaagatggt

tgctaacctt

tcgtcagaca

cttetetget

ctctegetea

taaggaaggg

ctceggtgac

cttgaccgat

agccacctge

agtaggccag

aaacacaaag

cacgaggttyg

gcactccaga

tcggggacag

aggcaactat

tttcttette

tctgggaaga

tccectagte

ctgcetectet

gtctegttea

cgtggtggge

cggegeacceyg

gaggacctga

cggggtcctg

gaagcceggt

ggagacccce

tggccectac

ggagccaacyg

attgaccaga

tctgtcaatg

gggagccacg

getggacage

gagcaggatc

gagcgcaate

ctteeggtty

cccaacttta

ttggagaact

ctagtcegge

caaccegtga

atgtgccaaa

cagtccaggyg

ccttggtatg

Ala Gln Ala
Lys Leu His
395

Thr Leu Leu
410

Ile Gln
425

acatggagaa
ggctggagaa
cgatcgcaga
accggtgect
tceggtecce
gtggacagge
ctctgagect
cggectcagyg
ccegeaccty
tgatccagca
cectgecegy
tttccagget
atgtgcgcag
tagataacga
ctaccaccat
aagtctacca
ggggcgacceg
tggagattcg
tctecttcete
tacagctgtyg
geegtgggge
aagatgccta
ctgtggcage
tgcacctttt
ttcttteggt
ctagtttgga
ggaaacagtyg
ctgaaatgac

ggctceccat

Ala Leu Glu Asp Ala

380

Leu Phe Pro Ser Asp

400

Ala Pro Leu Leu Ser

ggagatggag

ccgggtatca

agtagtactc

ggggggacct

ccatggcagt

tcactcccag

teggggaggg

tggcttgtgt

ccgcggggac

caactgctca

ggceggecca

gcacggtcega

cttccacaat

cttcctettt

ccggaagatce

ggctgaggta

acctgggggc

agctgectac

catcagggta

tgttggggga

gatagccata

cttccaatce

tcagtcaget

cccagtagat

cctetttgtt

aacggtttga

dggacaggag

cctagaataa

gtatttccce

415

gacccectgg

gagtaatgct

ggcgaaatte

ggctggatag

cctccaacte

tgcaagatcc

ggctcacegg

cgegeectyge

ctcgetttee

cgccagggte

gegecectga

acccegggtt

cactttcaca

gtccaageca

actatcatat

gacaatctte

tcgagtttgt

attggaacaa

gcggaggatg

tgcecctecga

gatactgcca

tgcgtetttyg

ctggacgatyg

gngggCCtC

ctgtggtttt

ggagagaggt

acaacgacct

agattctgag

attagtgatt

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740
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tceccacttgt agtgaaattc tactctectgt acacctgata tcactcctge aaggctagag 1800
attgtgagag cgctaagggc cagcaaaaca ttaaagggct gagatatctt aaaggcagaa 1860
actagaaaag gggaaaccat gattatctat aagaaaatca aaagaggggt ttgggaattt 1920
agctcagtgg tagagcactt gcctagcaag cgcaaggcecce tgggttcggt ccccagectcece 1980
taaaaaagaa aaaaaaaatc aaaagagaaa aaactaatta aggcaagctt tttggttcag 2040
aaatgaagtg ggcattgtct ggcagaggaa gtcagctttt ggagactggc accaacatct 2100
ccacccttece tactctgtta ttaaagtgac gaattcccca tectg 2145
<210> SEQ ID NO 11
<211> LENGTH: 3216
<212> TYPE: DNA
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 11
agttgtctee cgagegetgg ctgcgecgece cgagecgetyg ggecggggaa gcactggecg 60
ttegeteceg ggccggecce gecaggeget cgcaggcatyg cageccggga gcaggaggceg 120
cteceeggge cgctgetgag cecggecgggyg cggeggggac cagegccage ggagecccte 180
ccaccttgee ccggggcaga cgagcggege cecgacaccee cctettetece cgcagecccg 240
ccagegecac cccecgeggg ccgcagggge tcatgcagece gcecaagggayg aggctagtgg 300
taacaggcceg agctggatgg atgggtatgg ggagagggge aggacgttca gccctgggat 360
tectggecgac cctegectte cttetetgea getteccege agecacctece ccegtgcaaga 420
tcctecaagtyg caactctgag ttectggageg ccacgteggyg cagecacgece ccagectcag 480
acgacaccce cgagttetgt gecagecttge geagctacge ccetgtgcacyg cggeggacgg 540
ccegeacctyg cceggggtgac ctggectace acteggeegt ccatggcata gaggacctca 600
tgagccagca caactgctcce aaggatggece ccacctegea gcecacgectyg cgcacgetcece 660
caccggecegg agacagecag gagcgcetegg acagecccega gatctgcecat tacgagaaga 720
getttcacaa gcactcggee accceccaact acacgcactg tggectcette ggggacccac 780
acctcaggac tttcaccgac cgcttccaga cctgcaaggt gcagggcegece tggecgetca 840
tcgacaataa ttacctgaac gtgcaggeca ccaacacgece tgtgctgece ggctcagegg 900
ccactgccac cagcaagctc accatcatct tcaagaactt ccaggagtgt gtggaccaga 960
aggtgtacca ggctgagatg gacgagctcce cggeccgectt cgtggatggce tctaagaacg 1020
gtggggacaa gcacggggcece aacagcectga agatcactga gaaggtgtca ggcecagcacy 1080
tggagatcca ggccaagtac atcggcacca ccatcegtggt gegecaggtyg ggccgetace 1140
tgacctttge cgtcecgcatg ccagaggaag tggtcaatgce tgtggaggac tgggacagcce 1200
agggtctcta cctcetgcecetg cggggctgce ccectcaacca gcagatcgac ttceccaggect 1260
tccacaccaa tgctgagggce accggtgecce geaggctgge agecgccage cctgcaccca 1320
cagcecccga gaccttecca tacgagacag cegtggccaa gtgcaaggag aagctgecgg 1380
tggaggacct gtactaccag gcctgcegtct tcgacctect caccacgggce gacgtgaact 1440
tcacactggce cgcctactac gegttggagg atgtcaagat gcectccactcce aacaaagaca 1500
aactgcacct gtatgagagg actcgggacce tgecaggcag ggceggctgeyg gggcetgecce 1560
tggccececeg gecccteetyg ggecgececteg tceecegcectect ggceccctgcte cetgtgttet 1620
gctagacgeg tagatgtgga gggaggcgceg ggctcecgtece teteggecttce cccatgtgtg 1680
ggctgggace geccacgggg tgcagatcte ctggegtgte caccatggec ccgcagaacyg 1740
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ccagggaccg cctgctgeca agggctcagg catggacccce teccecttcta gtgcacgtga 1800
caaggttgtg gtgactggtg ccgtgatgtt tgacagtaga gctgtgtgag agggagagca 1860
gcteeccteg cecececgeccct gcagtgtgaa tgtgtgaaac atcccectcag gctgaagecce 1920
cccaccccca ccagagacac actgggaacce gtcagagtca gctecttece cctegeaatg 1980
cactgaaagg cccggecgac tgctgetege tgatcegtgg ggecccctgt gceccgecaca 2040
cgcacgcaca cactcttaca cgagagcaca ctegatccecee ctaggccage ggggacacce 2100
cagccacaca gggaggcatc cttggggett ggecccagge agggcaacce cggggegetg 2160
cttggcacct tagcagactg ctggaacctt ttggccagta ggtcgtgcce gectggtgece 2220
ttetggectg tggcectceect geccatgtte acctggetge tgtgggtacce agtgcaggtce 2280
ccggttttca ggcacctget cagctgecccg tctetggect gggccectge cecttecace 2340
ctgtgcttag aaagtcgaag tgcttggttc taaatgtcta aacagagaag agatccttga 2400
cttctgttee tectceectect gecagatgcaa gagectceccetgg gcaggggtge ctgggcccca 2460
gggtgtggca ggagacccag tggatggggce cagctggcect gccctgatcece tcetgettect 2520
cctcacaace ccaagagccce ccagcceggt cecatccacgt ctggagtetyg gggagaggag 2580
cagggtctta ggactctcag ctctgagcat ccctggcagg gtcttcaacce tctaatctcet 2640
tcecttaage cectgtggeca cacagccagg agagacttge cgctggctcece cgectcattt 2700
cagcecaggg tgctcatcca ggggcccaga acagtcccac ctgtgetget atgeccacag 2760
cacaaagcca ggcttcactc ccaaaagtgce agecaggccece tggagggtga tcctgecage 2820
agccctacag ctccacaccce tacccaccca tcggcagect ctcetgetgtt ceccagggac 2880
ctctcataca ctggccagga ggctgcagaa cgtgtgtcetce cccctcecccte caagaggtcece 2940
tgctecectet gecagaacceyg tgtgtgggceg ggtgggaggg cgcteggggce ceggceccecte 3000
cctecteectg ctggttttag ttggtcecta tgttggaagt aaaaagtgaa gcactttatt 3060
ttggttgtgt ttgctcacgt tcectgcttgga agtggggacc cctcactgeg tceccacgtgte 3120
tgcgacctgt gtggagtgtc accgcgtgta catactgtaa attatttatt aatggctaaa 3180
tgcaagtaaa gtttggtttt tttgttattt tectttt 3216
<210> SEQ ID NO 12
<211> LENGTH: 450
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens
<400> SEQUENCE: 12
Met Gln Pro Pro Arg Glu Arg Leu Val Val Thr Gly Arg Ala Gly Trp
1 5 10 15
Met Gly Met Gly Arg Gly Ala Gly Arg Ser Ala Leu Gly Phe Trp Pro
20 25 30
Thr Leu Ala Phe Leu Leu Cys Ser Phe Pro Ala Ala Thr Ser Pro Cys
35 40 45
Lys Ile Leu Lys Cys Asn Ser Glu Phe Trp Ser Ala Thr Ser Gly Ser
50 55 60
His Ala Pro Ala Ser Asp Asp Thr Pro Glu Phe Cys Ala Ala Leu Arg
65 70 75 80
Ser Tyr Ala Leu Cys Thr Arg Arg Thr Ala Arg Thr Cys Arg Gly Asp
85 90 95
Leu Ala Tyr His Ser Ala Val His Gly Ile Glu Asp Leu Met Ser Gln
100 105 110
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His Asn Cys Ser Lys Asp Gly Pro Thr Ser Gln Pro Arg Leu Arg Thr
115 120 125

Leu Pro Pro Ala Gly Asp Ser Gln Glu Arg Ser Asp Ser Pro Glu Ile
130 135 140

Cys His Tyr Glu Lys Ser Phe His Lys His Ser Ala Thr Pro Asn Tyr
145 150 155 160

Thr His Cys Gly Leu Phe Gly Asp Pro His Leu Arg Thr Phe Thr Asp
165 170 175

Arg Phe Gln Thr Cys Lys Val Gln Gly Ala Trp Pro Leu Ile Asp Asn
180 185 190

Asn Tyr Leu Asn Val Gln Ala Thr Asn Thr Pro Val Leu Pro Gly Ser
195 200 205

Ala Ala Thr Ala Thr Ser Lys Leu Thr Ile Ile Phe Lys Asn Phe Gln
210 215 220

Glu Cys Val Asp Gln Lys Val Tyr Gln Ala Glu Met Asp Glu Leu Pro
225 230 235 240

Ala Ala Phe Val Asp Gly Ser Lys Asn Gly Gly Asp Lys His Gly Ala
245 250 255

Asn Ser Leu Lys Ile Thr Glu Lys Val Ser Gly Gln His Val Glu Ile
260 265 270

Gln Ala Lys Tyr Ile Gly Thr Thr Ile Val Val Arg Gln Val Gly Arg
275 280 285

Tyr Leu Thr Phe Ala Val Arg Met Pro Glu Glu Val Val Asn Ala Val
290 295 300

Glu Asp Trp Asp Ser Gln Gly Leu Tyr Leu Cys Leu Arg Gly Cys Pro
305 310 315 320

Leu Asn Gln Gln Ile Asp Phe Gln Ala Phe His Thr Asn Ala Glu Gly
325 330 335

Thr Gly Ala Arg Arg Leu Ala Ala Ala Ser Pro Ala Pro Thr Ala Pro
340 345 350

Glu Thr Phe Pro Tyr Glu Thr Ala Val Ala Lys Cys Lys Glu Lys Leu
355 360 365

Pro Val Glu Asp Leu Tyr Tyr Gln Ala Cys Val Phe Asp Leu Leu Thr
370 375 380

Thr Gly Asp Val Asn Phe Thr Leu Ala Ala Tyr Tyr Ala Leu Glu Asp
385 390 395 400

Val Lys Met Leu His Ser Asn Lys Asp Lys Leu His Leu Tyr Glu Arg
405 410 415

Thr Arg Asp Leu Pro Gly Arg Ala Ala Ala Gly Leu Pro Leu Ala Pro
420 425 430

Arg Pro Leu Leu Gly Ala Leu Val Pro Leu Leu Ala Leu Leu Pro Val
435 440 445

Phe Cys
450

<210> SEQ ID NO 13

<211> LENGTH: 3216

<212> TYPE: DNA

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 13

agttgtctece cgagegetgg ctgegecgee cgagecgetg ggeeggggaa gcactggecg 60

ttegeteceg ggccggeccoe gecaggeget cgecaggeatg cageceggga gcaggaggeg 120
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-continued
cteceeggge cgctgetgag cecggecgggyg cggeggggac cagegccage ggagecccte 180
ccaccttgee ccggggcaga cgagcggege cecgacaccee cctettetece cgcagecccg 240
ccagegecac cccecgeggg ccgcagggge tcatgcagece gcecaagggayg aggctagtgg 300
taacaggcceg agctggatgg atgggtatgg ggagagggge aggacgttca gccctgggat 360
tectggecgac cctegectte cttetetgea getteccege agecacctece ccegtgcaaga 420
tcctecaagtyg caactctgag ttectggageg ccacgteggyg cagecacgece ccagectcag 480
acgacaccce cgagttetgt gecagecttge geagctacge ccetgtgcacyg cggeggacgg 540
ccegeacctyg cceggggtgac ctggectace acteggeegt ccatggcata gaggacctca 600
tgagccagca caactgctcce aaggatggece ccacctegea gcecacgectyg cgcacgetcece 660
caccggecegg agacagecag gagcgcetegg acagecccega gatctgcecat tacgagaaga 720
getttcacaa gcactcggee accceccaact acacgcactg tggectcette ggggacccac 780
acctcaggac tttcaccgac cgcttccaga cctgcaaggt gcagggcegece tggecgetca 840
tcgacaataa ttacctgaac gtgcaggeca ccaacacgece tgtgctgece ggctcagegg 900
ccactgccac cagcaagctc accatcatct tcaagaactt ccaggagtgt gtggaccaga 960
aggtgtacca ggctgagatg gacgagctcce cggeccgectt cgtggatggce tctaagaacg 1020
gtggggacaa gcacggggcece aacagcectga agatcactga gaaggtgtca ggcecagcacy 1080
tggagatcca ggccaagtac atcggcacca ccatcegtggt gegecaggtyg ggccgetace 1140
tgacctttge cgtcecgcatg ccagaggaag tggtcaatgce tgtggaggac tgggacagcce 1200
agggtctcta cctcetgcecetg cggggctgce ccectcaacca gcagatcgac ttceccaggect 1260
tccacaccaa tgctgagggce accggtgecce geaggctgge agecgccage cctgcaccca 1320
cagcecccga gaccttecca tacgagacag cegtggccaa gtgcaaggag aagctgecgg 1380
tggaggacct gtactaccag gcctgcegtct tcgacctect caccacgggce gacgtgaact 1440
tcacactggce cgcctactac gegttggagg atgtcaagat gcectccactcce aacaaagaca 1500
aactgcacct gtatgagagg actcgggacce tgecaggcag ggceggctgeyg gggcetgecce 1560
tggccececeg gecccteetyg ggecgececteg tceecegcectect ggceccctgcte cetgtgttet 1620
gctagacgeg tagatgtgga gggaggcgceg ggctcecgtece teteggecttce cccatgtgtg 1680
ggctgggace geccacgggg tgcagatcte ctggegtgte caccatggec ccgcagaacyg 1740
ccagggaccg cctgctgeca agggctcagg catggacccce teccecttcta gtgcacgtga 1800
caaggttgtg gtgactggtg ccgtgatgtt tgacagtaga gctgtgtgag agggagagca 1860
gcteeccteg cecececgeccct gcagtgtgaa tgtgtgaaac atcccectcag gctgaagecce 1920
cccaccccca ccagagacac actgggaacce gtcagagtca gctecttece cctegeaatg 1980
cactgaaagg cccggecgac tgctgetege tgatcegtgg ggecccctgt gceccgecaca 2040
cgcacgcaca cactcttaca cgagagcaca ctegatccecee ctaggccage ggggacacce 2100
cagccacaca gggaggcatc cttggggett ggecccagge agggcaacce cggggegetg 2160
cttggcacct tagcagactg ctggaacctt ttggccagta ggtcgtgcce gectggtgece 2220
ttetggectg tggcectceect geccatgtte acctggetge tgtgggtacce agtgcaggtce 2280
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ceggttttea

ctgtgettag

cttetgttec

gggtgtggcea

cctcacaacce

cagggtctta

tceccttaage

cagcccaggyg

cacaaagcca

agccctacag

ctctcataca

tgctecectet

cctetecety

ttggttgtgt

tgcgacctgt

tgcaagtaaa

ggcacctget

aaagtcgaag

tctcecectect

ggagacccag

ccaagagecc

ggactctcag

cctgtggeca

tgctcatcca

ggcttcacte

ctccacaccce

ctggccagga

gccagaaccyg

ctggttttag

ttgctcacgt

gtggagtgte

gtttggtttt

<210> SEQ ID NO 14
<211> LENGTH: 23

<212> TYPE

: DNA

cagctgeeeg

tgcttggtte

gcagatgcaa

tggatggggce

ccagceeggt

ctctgageat

cacagccagg

ggggcccaga

ccaaaagtge

tacccaccca

ggctgcagaa

tgtgtgggcyg

ttggtcccta

tctgettgga

accgegtgta

tttgttattt

tctetggect

taaatgtcta

gagctectgyg

cagctggect

ccatccacgt

cecctggcagy

agagacttge

acagtcccac

agccaggecc

tcggcagect

cgtgtgtete

ggtgggaggy

tgttggaagt

agtggggacc

catactgtaa

tctttt

<213> ORGANISM: artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 14

tgttccaagyg atggacccac atc

<210> SEQ ID NO 15
<211> LENGTH: 23

<212> TYPE

: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 15

gcaggtcate tgtcacagcet tgg

<210> SEQ ID NO 16
<211> LENGTH: 21

<212> TYPE

: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 16

cgtgaccaga cttttggaca ¢

<210> SEQ ID NO 17
<211> LENGTH: 21

<212> TYPE

: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 17

ggcatgatta gtggagttca g

gggccectge
aacagagaag
gcaggggtge
gecctgatee
ctggagtcetyg
gtcttcaacce
cgetggetee
ctgtgetget
tggagggtga
ctectgetgtt
ccecteccte
cgctegggge
aaaaagtgaa
ccteactgey

attatttatt

cccttecace

agatccttga

ctgggecceca

tetgettect

dggagaggag

tctaatctct

cgecteattt

atgcccacag

tcctgecage

ccccagggac

caagaggtcc

ceggececte

gcactttatt

tccacgtgte

aatggctaaa

2340

2400

2460

2520

2580

2640

2700

2760

2820

2880

2940

3000

3060

3120

3180

3216

23

23

21

21
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<210> SEQ ID NO 18

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 18

agcagccaaa ctatgggcta 20

<210> SEQ ID NO 19

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 19

tggttgagtt gaggtggtca 20

<210> SEQ ID NO 20

<211> LENGTH: 21

<212> TYPE: PRT

<213> ORGANISM: Mus musculus

<400> SEQUENCE: 20

Arg Met Asp Glu Glu Val Val Asn Ala Val Glu Asp Arg Asp Ser Gln
1 5 10 15

Gly Leu Tyr Leu Cys
20

<210> SEQ ID NO 21

<211> LENGTH: 32

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 21

ataagcttat gggcgtgaga gcagcacctt cc 32

<210> SEQ ID NO 22

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 22

gaagtcgacg aaacaactcc tacaaaaac 29

<210> SEQ ID NO 23

<211> LENGTH: 30

<212> TYPE: DNA

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 23
ctcaagcttc agcctactca atgccgaatce 30
<210> SEQ ID NO 24

<211> LENGTH: 48
<212> TYPE: DNA
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-continued

<213> ORGANISM: artificial sequence
<220> FEATURE:

<223> OTHER INFORMATION: primer
<400> SEQUENCE: 24

tcgcacaaac actgtggtge ctatgtageg ggcatgecate tctacgta

48

The invention claimed is:

1. A method for identifying a compound that modulates a
BMP/GDF signaling pathway, said method comprising the
steps of:

a) providing a sample comprising a DRAGON (DRG11-
Responsive Axonal Guidance and Outgrowth of Neu-
rite) protein and a BMP/GDF signaling pathway mem-
ber, wherein the DRAGON protein is selected from the
group consisting of RGMa, RGMb and HJV and
wherein the BMP/GDF signaling pathway member is
selected from the group consisting of a BMP, a type |
BMP receptor and a type 11 BMP receptor;

b) contacting said sample with a candidate compound; and

¢) assessing the binding of said DRAGON protein to said
BMP/GDF signaling pathway member in said sample in
the presence of said candidate compound relative to
binding in the absence of said candidate compound,
wherein a compound that modulates binding of said
DRAGON protein to said BMP/GDF signaling pathway
member is identified as a compound that modulates a
BMP/GDF signaling pathway.

2. The method of claim 1, wherein said BMP is BMP-2 or

BMP-4.

3. The method of claim 1, wherein the assessing step (c)
comprises the use of a DRAGON-specific antibody or the use
of an antibody specific for the BMP/GDF signaling pathway
member.

4. A method for identifying a compound that modulates a
BMP/GDF signaling pathway, said method comprising the
steps of:

a) providing a cell that expresses a type I BMP receptor, a
type 11 BMP receptor, and an intracellular BMP/GDF
signaling pathway member;

b) contacting said cell witha DRAGON (DRG11-Respon-
sive Axonal Guidance and Outgrowth of Neurite) pro-
tein and a candidate compound, wherein the DRAGON
protein is selected from the group consisting of RGMa,
RGMb and HIV; and

c) assessing the level of activation of the BMP/GDF sig-
naling pathway by assessing the activation of said intra-
cellular BMP/GDF signaling pathway member relative

10

40

45

to the level of activation in the absence of said candidate
compound, wherein a compound that modulates the
activation of said intracellular BMP/GDF signaling
pathway member is identified as a compound that modu-
lates a BMP/GDF signaling pathway.

5. The method of claim 4, wherein said type I BMP recep-
tor is ALK2, ALK3, or ALKS6.

6. The method of claim 4, wherein said type Il BMP recep-
tor is BMPRII, ActRIIA, or ActRIIB.

7. The method of claim 4, wherein said contacting step (b)
further comprises contacting said cell with a TGF-§ ligand.

8. The method of claim 7, wherein said TGF-f ligand is
BMP-2, BMP-4, BMP-7, or GDF-5.

9. A method for identifying a compound that modulates a
BMP/GDF signaling pathway, said method comprising the
steps of:

a) providing a cell that expresses a reporter gene construct

operably linked to a TGF-f ligand-dependent promoter;
b) contacting said cell with a DRAGON (DRG11-Respon-
sive Axonal Guidance and Outgrowth of Neurite) pro-
tein and a candidate compound, wherein the DRAGON
protein is selected from the group consisting of RGMa,
RGMb and HIV; and

c) assessing the level of expression of said reporter gene
relative to the level of expression of said reporter gene in
the absence of'said candidate compound, wherein a can-
didate compound that modulates the level of expression
of said reporter gene is identified as a compound that
modulates a BMP/GDF signaling pathway.

10. The method of claim 9, wherein said reporter gene
construct is the BRE-Luc construct.

11. The method of claim 9, wherein the contacting step (b)
further comprises contacting said cell with a TGF-§ ligand.

12. The method of claim 9, wherein said TGF-f} ligand is
BMP-2, BMP-4, BMP-7, or GDF-5.

13. The method of claim 9, wherein said cell further
expresses a BMP type I receptor.

14. The method of claim 9, wherein said cell further
expresses a BMP type II receptor.
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